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ABSTRACT 
 
 

MEESHA KAUSHAL. Understanding the Effects of Peripheral Alkyl Substituents on 
Exciton Diffusion Properties of Porphyrin Thin Films for Organic Photovoltaic 

Applications. (Under the direction of DR. MICHAEL G. WALTER) 
 
 
Understanding exciton diffusion is a crucial step in the engineering and fabrication of 

organic photovoltaic (OPV) devices. We studied a variety of organic dyes in our research 

lab including various derivatives of carboalkoxyphenylporphyrins in solution-cast 

nanometer thick films. We have established basic guidelines on how the exciton diffusion 

is affected by the arrangement and packing of peripheral alkyl groups in 

carboalkoxyphenylporphyrin solution-cast nanoscale thin films. The overall goal of this 

work is to link the molecular organization to singlet exciton diffusion parameters. 

Photoluminescent (PL) lifetime decays (ts) and quenching efficiencies (Q) of solution-

cast thin porphyrin thin films lightly doped with [6,6]-phenyl-C61-butryic acid methyl 

ester (PCBM) have been measured. These data have been used with a 3D exciton 

eDiffusion Monte Carlo simulation model to generate the exciton diffusion parameters 

and nanocomposition in the thin films. The length and branching of the peripheral alkyl 

groups in carboalkoxyphenylporphyrins influence the excited-state dynamics in a thin 

film. Using longer and linear peripheral alkyl chains increase the PL decay lifetimes and 

exciton diffusion lengths (LD). Structural studies such as Grazing Incidence Wide Angle 

X-Ray Scattering (GIWAXS) and X-ray diffraction (XRD) have indicated that molecular 

arrangement from longer and linear peripheral alkyl chains leads to nematic packing on 

the surface of thin films which is favorable for exciton diffusion in 

carboalkoxyphenylporphyrin thin films. Preliminary data collected for current-voltage 
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curves measured from ternary OPV devices fabricated using these 

carboalkoxyphenylporphyrins along with poly-3-hexylthiophene (P3HT) and PCBM also 

supports our previous exciton diffusion studies. Porphyrin derivatives with longer PL 

decay lifetimes (ts) and exciton diffusion lengths (LD) have shown higher photocurrents 

and improved power conversion efficiencies. Our findings are an important step towards 

a deeper understanding of the exciton diffusivity and molecular packing relationship in 

order to improve the power conversion efficiency of thin film organic solar cells. 
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CHAPTER 1. INTRODUCTION AND BACKGROUND 

1.1 Motivation and Origin of Solar Energy 

The increasing global population demands an alternative energy source that is 

sustainable, renewable, environment-friendly and cost-effective. Currently, non-

renewable resources like oil, coal and natural gas supply most of the energy across the 

world.1,2 There are  potential environmental hazards related to both renewable and non-

renewable energy resources.3 Out of all the available renewable resources such as wind, 

geothermal, and hydroelectric, solar energy and wind energy are often considered 

cleanest and sustainable energy resources. According to the data collected by National 

Renewable Energy Laboratory (NREL) in the 2017 energy data book, the overall 

electricity generated worldwide using renewable resources was 24%. In the United 

States, 12.7% energy production originated from renewable resources. Out of all the 

available renewable resources, solar energy is an increasingly popular area for 

researchers today owing to its potential carbon free energy benefits and cheaper 

alternatives. Figure 1.1 shows the total energy production and consumption in the United 

States in 2017 taken from NREL website energy data book. The data shows the actual 

percentage of the energy produced and consumed in 2017 from both renewable and non-

renewable resources.4 In general, renewable energy production and consumption has 

come a long way from where it was ten years ago.4 However, in order to obtain 

sustainable and green energy alternatives that are beneficial for our ecosystem, a lot more 

research in to solar energy technology is needed. The surface of the earth receives 
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1.75x1017 W of energy from the sun in an hour which is sufficient to fulfill worldwide 

energy demands for one year. Therefore, harvesting sunlight and converting energy 

directly into electricity using photovoltaic (PV) device is a promising energy solution.5 

 

Figure 1.1 Energy production and consumption (2017) from NREL energy data website 

Photovoltaic science dates back to as far as the 1870’s when William Grylles 

Adams first exposed selenium cells to sunlight in 1876 and found that those cells had the 

ability to convert sunlight directly into electricity through the photovoltaic effect.6 But it 

was only in the early 1950’s that the first silicon solar cells were made by Bell Labs.7 

Scientists at Bell Labs were the first ones to revolutionize the field of semiconductors and 

photovoltaics using silicon, afterwards, the silicon solar cells were made commercially 

available by the year 1956.8 The traditional mono or multi-crystalline silicon solar cells 

are categorized as first generation solar cells.9 The silicon solar cells were expensive and 

had tedious manufacturing steps making them expensive for daily usage. The price of the 
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silicon solar panel has since then reduced and significant improvements have been made 

to make silicon solar cells more affordable. These are still the most popular solar cells to 

date accounting for 75% photovoltaic market.10 The second-generation thin film solar 

cells used amorphous silicon and inorganic materials such as copper indium gallium 

selenide (CIGS) and cadmium telluride (CdTe). This class of materials offered a cost-

effective solution to the already existing expensive silicon solar cells but at a much lower 

power conversion efficiency.3 The third-generation solar cells use new highly processable 

materials, such as carbon nanotubes, quantum dots, organic dyes, and conjugated 

polymers. This class of solar cell is also referred to as organic solar cells and is the focus 

of this dissertation.  

Organic Photovoltaics (OPV) constitutes a class of organic electronic materials or 

semiconductors, which can be exploited for their potential to replace traditional inorganic 

semiconductors with low manufacturing cost using a flexible substrate.11,12 OPVs offer 

advantages like low-cost, solution casting, roll-to-roll processing with tunable optical and 

electronic properties. These molecular materials form what is called organic/plastic solar 

cells.10,13 The many advantages of OPVs have attracted massive enthusiasm in their field 

and significant amounts of research have been carried out to increase the power 

conversion efficiency (PCE) of these devices.14-16 

For a single layer solar device, the theoretical power conversion efficiency (PCE) 

limit is 33% and is commonly referred to as the Schockley-Queisser limit, which 

describes the maximum possible efficiency of a single layer solar cell under the 

illumination of 1 Sun (1.5 AM solar spectrum).17,18 Recently power conversion 

efficiencies (PCE) of approximately 16.2% have been achieved in single and multi-
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junction OPVs.19-21 However, by combining various junctions and making multi-layered 

photoactive layer in the organic solar cells, much higher efficiencies can be  theoretically 

achieved. The major energy losses are contributed by two different sources, these sources 

could be either extrinsic or intrinsic. Carrier recombination, impurities, and absorption 

from unwanted layers, etc. are examples of extrinsic losses whereas below band-gap and 

thermalization losses contribute to the intrinsic losses.17 The composition and assembly 

of organic solar cells have been discussed in detail in the next section with a brief 

introduction to all the important information that is related with this research. 

1.2 Introduction to Organic Semiconductors  

Organic semiconductors have been studied since the 1950’s when Akamatu, 

Inokuchi and Matsunga published the discovery of semi-conducting polycyclic charge-

transfer complexes with iodine and bromine.14 Afterwards in 1970’s, polyacetylene’s 

conductivity was measured upon doping with halogens and this started the trend of 

studying conducting polymers. Heeger, MacDiarmid and, Shirakawa received the Nobel 

Prize in Chemistry in the year 2000 for their breakthrough research in electrically 

conductive polymer research.22-24 Figure 1.2 shows some of the commonly studied 

organic semiconductors for OPV applications. Organic semiconductors have delocalized 

π-electron clouds capable of absorbing photons from sunlight with tunable optoelectronic 

properties and can be used to convert solar energy to electrical energy, the mechanism of 

this conversion will be discussed in more detail in the next section.25 The conjugated π-

electron backbone in such organic materials makes them suitable materials for charge-

transport layers in OPV applications which can be wet processed by spin-coating or 

doctor blading. In order to understand how organic solar cells work, it is extremely 



 

 5 

important to understand the science behind the light absorption in organic semiconductor 

and its conversion into electrical energy.26,27 The conjugated aromatic backbone of 

organic semiconductors possesses electrons in the pz orbital of carbon which overlaps 

with electrons present in the adjacent pz orbitals forming a delocalized cloud of π-

electrons across the molecule.28 Such delocalized π-electron cloud results in high 

polarizability in organic semiconductors.28 The charge carrier mobility in organic 

semiconductors is much lower than inorganic semiconductors which impact the 

efficiency of organic solar cells.28,29 

 

Figure 1.2 Commonly studied organic semiconductor materials  

The band structure in organic semiconductors can be compared to inorganic 

semiconductors where highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbitals (LUMO) can be compared with valence band and 

conduction band in an inorganic semiconductor.30 HOMO and LUMO energy levels of an 

organic semiconductor are assigned to the different types of π orbitals.25,30 Upon 
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receiving energy from an outside source such as sunlight an electron is excited from 

HOMO energy level to the LUMO energy level of the organic semiconductor, this 

happens due to the presence of delocalized π-electron cloud in the organic 

semiconductors.30 The mechanism of energy transfer in organic semiconductors takes 

place via Förster resonance energy transfer (FRET)W by hopping mechanism and is 

discussed later in this chapter whereas in inorganic semiconductors the energy transfer 

occurs through the movement of free charge carriers.30 Following Figure 1.3 shows the 

bonding and antibonding interactions that take place in an organic semiconductor when 

HOMO and LUMO energy levels are formed. In the next section, the constituent layers 

of organic solar cells have been explained with an emphasis on the HOMO and LUMO 

energy levels in these respective layers. The interactions in organic semiconductors are 

primarily covalent and weak intermolecular interactions. 

 

Figure 1.3 Bonding and antibonding interactions in HOMO and LUMO of an organic 

semiconductors30 
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1.3 Working Mechanism of Organic Solar Cells 

1.3.1 Constituents of Photoactive layer in Organic Solar Cells 

Photoactive materials are light-sensitive materials that have light absorbing 

properties due to the wide absorption range.31 A photoactive layer in the organic solar 

cell generally consists of a donor layer consisting of conjugated π-electrons systems and 

an acceptor layer made from high electron affinity materials. Fullerenes are the most 

common materials to be used as acceptors in organic solar cells. The donor layer upon 

irradiation by outside light source generates a bound excited species which has an 

electron and hole held together by electrostatic forces and is known as an exciton.23,30 

The excited state should either be generated at the interface or should be able to migrate 

to heterojunction or interface in order to successfully complete the process of charge 

separation and generate energy.32,33  

1.3.2 Mechanism of Charge Transfer in Donor-Acceptor layer in Organic Solar Cell 

There are four major steps involved in the formation of excited state to energy 

conversion in organic photovoltaic devices. In order to have good photoconversion 

efficiency (PCE) in organic solar cell, all of these four steps should be completed 

efficiently.30  

a. Light Absorption 

b. Exciton Diffusion 

c. Free Charge Carrier Generation (exciton dissociation) 

d. Charge (electron/hole) Transport to the opposite electrodes 

The formation of an excited state to the extraction of charges in an organic semiconductor 

is often considered one of the most critical steps and is highly responsible for the 
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performance of a photovoltaic device. Upon illumination, an electron in the HOMO 

energy level is excited to the LUMO energy level of the organic semiconductor. The 

electron and holes do not dissociate as the coulombic interactions between electron and 

hole are strong because of localized π-electrons and lower dielectric constants of organic 

semiconductors.30 The binding energy of an exciton in an organic semiconductor is of the 

order of 0.3-1.4 eV, which is orders of magnitude higher than in inorganic 

semiconductors where electron and holes are easily dissociated since the binding energy 

of charge carriers generated in inorganic semiconductor is below 25 meV range.30 Once 

the excited states (excitons) are generated, the next step is the exciton diffusion followed 

by exciton dissociation and formation of free charge carriers. Since the electron and hole 

pair is bound by some binding energy, Tang et al. suggested to create a junction using 

two different types of organic materials to assist in charge separation.30,34,28,35 Figure 1.4 

shows that LUMO energy level of the acceptor is right below the LUMO level of donor 

and the energy gap between the two LUMO levels of acceptor and HOMO level of the 

donor is smaller than the potential energy of an exciton. The energy difference between 

two LUMO energy levels of the donor and acceptor material should be higher than the 

binding energy of the exciton generated in order to favor exciton dissociation at the 

interface. Figure 1.4 shows the band alignment of two different organic semiconductors 

donors and acceptors and the exciton dissociation at the interface. 
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Figure 1.4 Energy levels of donor and acceptor materials in a heterojunction30 

Due to the transfer of an electron from material A into material B due to the 

dissociation of an exciton at the interface, material A is referred to as the donor. Since the 

electron is transferred into material B because of the LUMO energy level, material B is 

referred to as the acceptor. This charge transfer takes place at the heterojunction of the 

photoactive layer on a femtosecond timescale.30Another possible process that is feasible 

at the heterojunction is radiative recombination. Since radiative recombination occurs on 

a nanosecond scale, exciton dissociation is more favorable before the recombination can 

take place. The exciton diffuses a certain distance by hopping and this distance is called 

the exciton diffusion length (LD). The electron and hole form a charge pair at the 

interface, and this pair of charges is coulombically interacting at this point and are called 

a geminate pair.30  

LUMO A                        

LUMO B

HOMO A                        

HOMO B                       

electron

Material B Acceptor

Material A Donor

hole
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The potential gradient due to the difference in the work function of anode and 

cathode is responsible for the transport of the free charge carriers.25 Normally a high 

work function anode and low work function cathode are chosen in order to create enough 

potential gradient that can aid in the movement of charges to the electrodes and will 

directly impact the photocurrent density (Jsc).30 The process of drifting charge carriers in 

response to the potential gradient of the two electrodes is called carrier movement due to 

drift currents.30 Another very significant phenomenon responsible for carrier transport is 

due to the diffusion current, which occurs because of the increased population of 

electrons and hole at the bulk-heterojunction, which drives the charge carriers through the 

concentration gradient, and the charge carriers move away from heterojunction.30 The 

diffusion currents influence the charge carriers when the externally applied voltage is 

greater than the internal electric field generated whereas drift currents influence charge 

carriers when internal electric field is large.30 Interestingly, excitons are neutral and are 

unaffected by an applied bias. The work function of anode should be close or equal to the 

HOMO of the donor and the work function of cathode should be close or equal to the 

LUMO of the acceptor in order to minimize the potential barrier created at the active 

layer heterojunction.30 A good ohmic contact is reached by using high work function 

metals such as gold (Au, 5.2 eV) as the anode and low work function metal such as 

aluminum (Al, 4.2 eV) as the cathode. Figure 1.5 shows all the steps that take place in an 

organic solar cell.30 The efficiency of all the steps combined is known as external 

quantum efficiency (EQE). The EQE is the efficiency of each step involved from light 

absorption to charge collection in the solar cell and is given by Equation. 1.1:30 

𝜂"#" = 𝜂%. 𝜂'()). 𝜂'(**. 𝜂+       …. ……………….Equation 1.1 
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Where, 

ηA= Photon absorption, 

ηdiff =number of excitons diffusing to interface 

ηdiss=number of excitons that dissociate to electron and hole 

ηC=number of charge carriers extracted at the electrodes 

 

Figure 1.5 Summary of the steps involved in organic solar cell modified from the original.30 

1.3.3 Fluorescence 

When light  is absorbed by a molecule’s ground state to reach a higher energy excited 

state and longer wavelength light is emitted upon returning back to the ground state, the 

emitted light while returning to the ground state is called fluorescence.36 The three 

important events leading to fluorescence are excitation of an electron by an incoming 

photon which happens at a femtosecond timescale, vibrational relaxation from an excited 

state to ground state occurs at picosecond timescale and emission of longer wavelength 

photon occurs at nanosecond timescale. Figure 1.6 shows the Jablonski diagram 

Photon

1. Exciton Generation 2. Exciton Diffusion

3. Exciton Dissociation 4. Charge Collection
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elaborating all the possible pathways that an electron can opt upon excitation from the 

ground state to higher excited state and while coming back to the ground state with 

timescales of all the phenomenon involved in the above process. The difference between 

absorbed wavelength and emitted wavelength is called the Stokes shift.  

 

Figure 1.6 Jablonski diagram summarizing energy levels and transitions 

During the excitation process, if the two electrons maintain their spin, they are referred to 

as singlet excited states. However, if the excited state goes through intersystem crossing 

and the spin of the electron is reversed, a triplet excited state is formed (Figure 1.6). The 

triplet excited state is lower in energy than the singlet excited state. Fluorescence 

quenching is often referred to as a decrease in the quantum yield or emission intensity of 

a fluorophore upon interacting with a quencher molecule. There are two major categories 

of quenching, dynamic and static quenching. Dynamic quenching can take place when 

the molecule is in the excited state and interacts with another molecule facilitating non-

radiative energy transfer resulting in the decrease of a fluorescent lifetime. However, if 

the molecule is quenched in its ground state by the formation of a non-fluorescing 
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complex between fluorophore and quencher, no decrease in a lifetime is observed and the 

phenomenon referred to as static quenching.37 

1.3.4 Energy Transfer Mechanisms in Organic Semiconductors 

After the exciton is formed the excess energy in the system is transferred 

throughout the conjugated system. The donor and acceptor material can both generate 

excited states and these excitons are required to diffuse to the interface for dissociation. 

Exciton migration in organic semiconductors can happen by three different pathways: 

Cascade Energy Transfer (Radiative Energy Transfer): The cascade energy transfer is 

also called the radiative energy transfer and is followed by emission of a photon by the 

photo-excited state, which is absorbed by the next molecule, and this is how energy is 

transferred in the system. The cascade energy transfer occurs in thin films where the 

absorption and emission spectra overlap with each other.38,39 

Dexter’s Energy Transfer: The Dexter energy transfer involves the orbital-orbital 

overlap for the purpose of energy transfer upon absorbing a photon. This mechanism 

involves the direct electron exchange which required overlapping electron densities.38 

Förster’s Resonance Energy Transfer: In the majority of molecular semiconductors 

excitons diffuse by Förster’s resonance energy transfer (FRET), which is a non-radiative 

energy transfer process, where no direct electron exchange takes place.38 The energy 

transfer takes place via coulombic coupling and the electromagnetic fields of donors and 

acceptor molecular dipoles.40 FRET is inversely proportional to distance between dipole-

dipole interactions and becomes strong when the distance decreases.38 This molecular 

dipole distance dependence is shown in following equations 1.2 and 1.3. Singlet exciton 

diffusion via FRET is also limited by the lifetime of the excited state. 41 
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 …………………………..Equation 1.2 

Ro
6=

9η
PLΚ2

128π5n4 ∫ λ4FD(λ)δA(λ)d(λ) ……………………..Equation 1.3 
Where,  

Ro is radius and is dependent on the orientation of molecular dipoles (Κ) 

λ is spectral overlap integral 

FD is normalized fluorescence of the donor 

σA is the absorption cross-section of acceptor 

ηPL is photoluminescence efficiency 

1.3.5 Types of Organic Solar Cells based on Active Layer Architectures:  

The incoming photons are absorbed in the photoactive layer made from an 

electron donor and an electron acceptor in organic solar cells. The interface where donor 

–acceptor materials come in contact with each other is of great significance and is 

commonly called heterojunction in organic photovoltaics (OPVs).42 Based on the 

architecture of donor-acceptor heterojunction, OSC’s can be categorized into three 

different types as Bilayer , Bulk-Heterojunction and Tandem Solar cells as shown in 

Figure 1.7 below. 

(a) Bilayer Organic Solar Cells  
 
The bilayer OSC’s have planar donor-acceptor layers where a very thin layer of 

donor material and acceptor material is used. Since the diffusion lengths of organic 

semiconductors are short in thin films (~10 nm) the possibility of exciton reaching the 

interface is low in such devices. If the thickness of the active layer is very small, this 

limits the amount of light absorption. Since the exciton diffusion length of most organic 
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semiconductors is much smaller than their absorption depths, bulk-heterojunction is a 

better morphology to achieve higher efficiency organic solar cells.43  

 

Figure 1.7 Types of organic solar cells based on heterojunction 

 
 (b) Organic Bulk-Heterojunction Solar Cells 
 

The bulk-heterojunction OSC’s have a photoactive layer where donor and 

acceptor materials are non-uniformly blended into each other.31 The idea behind mixing 

the donor and acceptor is to create an interface closer to the exciton generation site. If the 

interface is closer to photogeneration site, the exciton has a smaller distance to diffuse in 

order to reach the interface. This increases the possibility of charge separation at the 

interface and reduces the possibility of recombination, which would ultimately lower the 

efficiency of the organic solar cell. It is one of the most important types of organic solar 

cell studied. 
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(c) Tandem Solar Cells 
 
The category of organic solar cells where one or two devices are combined or 

stacked in a single solar cell to enhance absorption and photovoltaic properties of a solar 

cell is called a tandem solar cell. Hiramoto et al. introduced this specific kind of cell 

where a p-type (hole conducting) material with a co-deposited intermittent layer and then 

n-type (electron conducting) material. By stacking solar cells in series, the open-circuit 

voltage can be increased.44  

1.4 Current-Voltage Curves of Resistors and Solar Cells 

The current-voltage (I-V) curve explains the relationship between the current that 

flows in a solar cell device upon applying a certain voltage across the positive and 

negative ends in the circuit. I-V curves give important information such as the 

performance or power conversion efficiency of the photovoltaic device.45 In a pure 

resistor, current and voltage are linear and follow Ohm’s law which means as the voltage 

increases the current flowing through the resistor increases linearly.46 The current flowing 

in such systems can be calculated by following equation:  

I=V/R ……… …………………….Equation 1.2 

Where I is the current flowing, V is the applied voltage and R is the resistance. An 

example of I-V curve in such systems can be seen in Figure 1.8 (a). Such systems with 

linear dependence between current and voltage are called ohmic systems. The current in 

first quadrant will be positive and in the third quadrant will be negative.47,48  

However, the semiconductor devices are made of P-N junction diodes, therefore, such 

devices do not exhibit the linear relationship between current and voltage. The current 
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will flow in such systems only when the diode is forward biased and will be blocked 

when the diode is reverse biased as shown in Figure 1.8 (b).49  

 

Figure 1.8 (a) Linear relationship between current and voltage in a resistor 

In the first quadrant, positive current passes through the circuit and is often 

referred to as forward bias current where the anode is the positive end of the circuit. As 

the applied voltage surpasses the internal voltage of the system, the current increases 

sharply. Contrary to the first quadrant, when the P-N junction is reverse biased, there is 

very little current is passing through the circuit. After a certain voltage, the reverse bias is 

large enough that the current increases drastically and is referred to as the breakdown 

voltage.48  
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Figure 1.8 (b) curves in a semiconductor device showing non-linear relationship 
 

The J-V curve of solar cells exhibits diode behavior as shown in Figure 1.9, the 

main parameters governing the efficiency of solar cells are maximum power (Pmax), 

maximum voltage (Vmax), short-circuit current density (Jsc), open-circuit voltage (Voc) and 

Fill Factor (FF).  

Short-Circuit Current Density (Jsc): A solar cell gives the maximum current when 

there is no resistance, which is a possibility only when there is a short circuit in the 

conduction pathway. This current is called the short circuit current density or Jsc and is 

measured when the voltage is zero. The short circuit current is dependent on the incident 

photon flux of the device and is also dependent on the absorption spectra of the 

photoactive material of the solar cell. For research purposes, AM 1.5 standard light 

intensity (100 mW cm-2) is used to study the photovoltaic parameters. For the 

measurements, short circuit current density is used and is calculated by diving the short 

circuit current (Isc) by the area of the illumination of a solar cell device. 
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Open-Circuit Voltage (Voc): The other important parameter of a solar cell is open-circuit 

voltage (Voc), which is the voltage when the current flowing in the system is zero.  

Fill Factor (FF): Fill factor is the ratio of the maximum power output of the solar cell to 

the theoretical power. Fill factor determines the maximum power of a solar cell.  

𝐹𝐹 = 	 <=>	?=>

<@A	?BA
  ……………………………..Equation 1.3 

Where Jmp and Vmp are maximum current and voltage in the device. 

Power Conversion Efficiency (PCE) or (h): Power conversion efficiency decides how 

efficiently the device converted solar energy into electrical energy and is calculated by 

dividing the maximum power generated by the device (Pmax) by the incident power (Pin).  

𝑃𝐶𝐸(h) = F=GH
FIJ

		or	 <@A	?BAMM
FIJ

  …………………..Equation 1.4 

 

Figure 1.9 J-V Curve of a single junction solar cell 
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1.5 Porphyrins and their Importance in Organic Photovoltaics 

Porphyrins are colorful light-harvesting macromolecules with excellent 

photophysical properties and large absorption coefficients in the visible region of the 

spectrum.50 Porphyrins are structural analogs of chlorophyll responsible for all the energy 

production in plants and also form the backbone of the Heme found in hemoglobin in 

organisms.51 In the past decade, extensive research has been done on porphyrins and their 

derivatives to use them as light-harvesting systems for OPV applications.1,50 Porphyrins 

get their color and absorbance intensity from a highly conjugated π-electron system.52 

The extended π-conjugated structure of porphyrin ring provides an excellent pathway for 

electron transfer and makes them a great candidate for photovoltaic devices. If we take a 

look at absorption spectra of porphyrins and solar radiation, we see that more than half of 

the solar harvesting region falls under 700 nm in the spectrum. Porphyrins absorption 

spectra overlap the sun’s absorption spectra region and hence intense absorption bands in 

the visible region.23  

 
 

Figure 1.10 Structure of free base porphyrin showing meso and beta positions modified 31 

Since porphyrin-based chromophores exhibit fast and efficient energy transfer in 

plants during photosynthesis, many studies were initially carried out to synthesize 

4 meso-positions 
8 beta-positions 
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porphyrins and use them as sensitizers in solar cells for artificial photosynthesis. 53 There 

has been a lot of interest in the electronic structure of porphyrins pertaining to their 

biological, catalytic and photophysical properties. Porphyrins have been studied in 

artificial light-harvesting antennas, donor-acceptor (dyads), donor-acceptor-donor or 

acceptor-donor-acceptor (Triads). The structure of porphyrin has two types of sites to 

functionalize the porphyrin; these are called meso- carbons and β – carbons. There are 

four meso positions and eight β- positions available on a porphyrin parent ring that could 

be easily functionalized as shown in the following Figure 1.10.54 The parent ring of a 

porphyrin is very electron rich and highly conjugated consisting of 22 π-electrons, of 

which 18 electrons form the aromatic core according to Huckle aromaticity rule (4n+2) 

rule where n =4.50 

If we look into the absorption spectra of a free-base porphyrin, it has intense 

absorption bands due to the presence of π-conjugation as seen in Figure 1.10. The first 

and most intense band is seen in 380-500 nm region or ultraviolet region and is called 

Soret or B- band which corresponds to S0àS2 transition followed by series of weaker but 

significant bands (less intense than B-band) corresponding to S0 àS1 transition in the 

500-750 nm region or visible region and these bands are called Q-bands. The molar 

extinction coefficient for B-band and Q-band is 105 M-1cm-1 and 104 M-1 cm-1 

respectively.  
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Figure 1.11 UV-visible spectrum of porphyrins with four Q bands in the spectrum52  

 In order to understand why porphyrins, absorb at a certain specific wavelength 

we need to understand the transitions occurring once they are illuminated. The highest 

occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO) 

in a porphyrin are shown below in Figure 1.12.52,55 Martin Gouterman explained the 

absorption spectra using a Four Orbital model where two HOMOs (π) and two LUMOs 

(π*) are present as seen in Figure 1.12. The two HOMOs are a1u and a2u whereas LUMOs 

are degenerate orbitals eg. Upon excitation, the transition between HOMO and LUMO 

occur and orbital mixing takes place which results in two types of energy states; one with 

higher oscillator strength resulting in B or Soret-band and the other with lower oscillator 

strength resulting in Q bands.52The intensity of Q-bands depends on the position and 

nature of the substituent on the porphyrin ring. The four meso and eight beta positions 

available and the center of porphyrin can host various metals in order to form 

metalloporphyrins 
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Figure 1.12 Energy levels of the four Gouterman orbitals shown52 

The linkers and binding groups can be attached to the porphyrin molecule in order to tune 

its photophysical properties.56 

1.6 Porphyrins in Dye-Sensitized Solar Cells and their mechanism 

Due to their optoelectronic properties porphyrins have been under tremendous 

research for use in dye-sensitized solar cell (DSSC) using Ru-polypyridyl dyes adsorbed 

on mesoporous titania surface.57,58  In a typical DSSC, dye-sensitized TiO2 nanoparticles 

provide conduction and are used as a photoanode and Pt electrode is used as a counter 

electrode.59 The I-/I3- electrolyte is used as a redox shuttle between the TiO2 photoanode 

and the counter electrode. The TiO2 layer is deposited on FTO coated glass and then a 

monolayer of dye is introduced. Upon illumination, the electrons from dye molecules are 

excited and are injected into the conduction band of TiO2, which leaves the dye in an 

oxidized state. The redox couple I-/I3- provides an electron to the dye and restores its 
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ground state. The electron moves through the circuit and reaches the counter electrode 

where I3- is reduced to I- and the cycle is completed (Figure 1.13).13,59 The initial DSSC’s 

were built using ruthenium bipyridyl dyes and were 11% efficient however the cost of Ru 

based dyes was a major limitation.59 Since then, significant research has gone into 

developing efficient dyes. The sensitizer required should have a wide absorption range, 

be cost-effective and possess high molar absorption coefficient.31 Since porphyrins 

exhibit such a fast energy transfer in photosynthesis, they have been successfully used as 

the sensitizers in these kinds of solar cells. The most common porphyrins used are free 

base porphyrins and Zn- derivatives of meso-benzoic acid substituted 

tetracarboxyphenylporphyrin (TCPP).12,57 A Zn-porphyrin sensitizers (YD2-0C8) 

combined with another organic dye (Y123) was found to be 13% efficiency.13,22,54 

 

Figure 1.13 Principle of dye-sensitized solar cell54 
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1.7 Porphyrin –Fullerene Bulk Heterojunction Solar Cells 

 The main difference between organic solar cell and an inorganic solar cell is the 

nature of the charge carrier generation. In an organic solar cell, electron and hole are 

electrostatically bound in the form of excitons, while in an inorganic solar cell free 

charge carrier are formed directly upon the absorption of light. The nature of excited 

states in these kinds of solar cells is decided primarily by the dielectric constant of the 

semiconductor as mentioned earlier. The other factor playing an important role is Bohr’s 

radius of the charge carrier. The lower dielectric constants and weaker non-covalent 

interactions in organic semiconductors make the wavefunction of electrons spatially 

restricted and localized as compared to the strong interactions in inorganic 

semiconductors. 60,59  

The small molecule solar cell has multi-stacked heterojunction which has a 

nanometers thick interface for the ease of exciton diffusion. Phthalocyanines, porphyrins, 

perylenes and buckminsterfullerene (C60) are the common materials used for small 

molecule organic solar cell. The bulk-heterojunction has donor and acceptor material 

intermixed and the interface has a high surface area.60 The porphyrin and fullerene 

derivatives are common materials studied in organic solar cells where porphyrin acts as a 

donor and fullerene derivatives acts as acceptor.  

1.8 Research Objectives: 

The objective of this research is to understand the effects of peripheral alkyl 

groups on the molecular orientation of free base porphyrins and how molecular 

orientation and packing around periphery of carboalkoxyphenylporphyrin affects their 

exciton diffusion properties in thin films. We are trying to establish basic guidelines on 
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how the exciton diffusion is affected by rearrangements and packing in 

carboalkoxyphenylporphyrin thin films.  

In Chapter 2, the photophysical properties of free-base porphyrin having linear 

and branched peripheral alkyl groups were investigated in solution cast thin films. The 

properties like absorbance, photoluminescent (PL) lifetime (ts) and steady-state emission 

(SSE) were measured and used to calculate relative quenching efficiencies (Q), diffusion 

constant (D) and diffusion length (LD) using Monte-Carlo eDiffusion simulations model. 

Five different free base tetrakis-carboalkoxyphenylporphyrin (TCR4PP) derivatives were 

synthesized, characterized and tested for their photophysical properties. These derivatives 

include Tetra(4-carbomethoxyphenyl)porphyrin (TCM4PP), Tetra(4-

carbobutoxyphenyl)porphyrin (TCB4PP), Tetra(4-carbohexoxyphenyl)porphyrin 

(TCH4PP), Tetra(4-carboethyhexoxyphenyl)porphyrin (TCEH4PP), Tetra(4-

carbooctoxyphenyl)porphyrin (TCO4PP). The diffusion coefficient (D) and exciton 

diffusion lengths (LD)were calculated for all the above derivatives and the effect of longer 

alkyl chain with and without branching was studied on their singlet exciton diffusion. An 

increase in the observed exciton diffusion length was seen from 15 nm for TCM4PP to 25 

nm for TCH4PP whereas this trend of increase in LD with chain length was not seen in 

branched alkyl chain derivatives. Structural studies suggested that linear alkyl groups 

favor homeotropic arrangements of porphyrin molecules in thin films which enhances 

exciton diffusion. However, having branched alkyl groups around periphery favors slip-

stack assembly of porphyrin molecules in thin films making these molecules less 

favorable for exciton diffusion. We conclude that in addition to the chain length several 

different factors like rearrangements of the alkyl chains influence the exciton diffusion in 
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such compounds. 

In Chapter 3, the effects of peripheral alkyl groups and thermal annealing on the 

exciton quenching efficiency in bilayer porphyrin-fullerene thin films have been 

investigated. The UV-vis absorption spectra, steady-state fluorescence emission, 

differential scanning calorimetry and X-Ray Diffraction data of three different derivatives 

of carboalkoxyphenylporphyrin have been studied. The steady-state quenching 

efficiencies of these three derivatives have been calculated from their steady-state 

emission using pristine spin-cast films and films with an evaporated C60 bilayer. 

Structural analysis studies have been performed using X-ray diffraction (XRD), Grazing 

Incidence Wide Angle X-Ray Scattering (GIWAXS), UV-visible spectroscopy. Thermal 

properties were studied using differential scanning calorimetry measurements (DSC). 

Annealing the films caused significant structural changes and these were observed in the 

UV-visible absorbance spectra and XRD diffraction patterns. Prior to thermal annealing, 

quenching efficiencies for the TCH4PP and TCO4PP (hexyl and octyl derivatives) were 

greatest, which is in agreement with previous bulk quenching experiments.61 After 

annealing, the hexyl derivative (TCH4PP) showed the lowest bilayer quenching 

efficiency and indicated evidence of significant molecular rearrangements.15 

In Chapter 4, Polymer:Porphyrin:PCBM ternary devices were fabricated to study 

the effect of varying alkyl groups length and branching on the device parameters in the 

ternary assembly of solar cell. The Polymer:Porphyrin:PCBM blend composition by 

weight was kept at 1:1:4 for the active layer. Poly(3-hexylthiophene) (P3HT), [6,6]-

phenyl-C61-butyric acid methyl ester (PCBM) and previously used porphyrin derivatives 

Tetra(4-carbobutoxyphenyl)porphyrin (TCB4PP), Tetra(4-carbohexoxyphenyl)porphyrin 
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(TCH4PP), Tetra(4-carboethylhexoxyphenyl)porphyrin (TCEH4PP), Tetra(4-

carbooctoxyphenyl)porphyrin (TCO4PP) were used for the OPV devices. UV-Visible 

spectra of the ternary blend were measured in order to realize the spectral response of 

porphyrin in P3HT:PCBM blend. In order to measure the HOMO-LUMO levels of the 

materials of the active layer, cyclic voltammetry data was used to measure the oxidation 

and reduction potential of the porphyrins. The HOMO and LUMO levels of the P3HT 

and PCBM were taken from the literature. J-V curves collected from these devices were 

used to calculated open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor 

(FF) and photoconversion efficiency (PCE) or (h). Ternary solar cells with porphyrins 

that have linear and symmetrical peripheral alkyl groups displayed significantly improved 

solar cell performance. The open-circuit voltage was similar for all the solar cells, 

however, short circuit current density significantly improved as the peripheral alkyl chain 

length was increased linearly in the devices. The performance of these solar cells helped 

validate our previous hypothesis that exciton diffusion and power conversion efficiency 

is influenced by the molecular arrangement and packing of peripheral alkyl group in the 

carboalkoxyphenylporphyrins in thin films. This study is critical in linking molecular 

arrangement and packing in different derivatives of carboalkoxyphenylporphyrin in thin 

film assembly to solar cell efficiency. 
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CHAPTER 2. ENHANCING EXCITON DIFFUSION IN PORPHYRIN THIN 
FILMS USING PERIPHERAL ALKYL CARBO ALKOXY GROUPS TO 

INFLUENCE MOLECULAR ASSEMBLY 
 
 

2.1 Introduction  

There has been a lot of interest in the electronic structure of porphyrins pertaining 

to their biological, catalytic and photophysical properties.62 Porphyrins have been studied 

in artificial light-harvesting antennae’s, Donor-Acceptor (dyads), Donor-Acceptor-Donor 

or Acceptor-Donor-Acceptor (Triads). Porphyrins are structural analogs of chlorophyll, 

which is the main pigment responsible for photosynthesis and exhibits very fast and 

efficient singlet-singlet energy and charge transfer during photosynthesis.23,63 

Chlorophyll uses sunlight to run various photo-catalytic processes involved in 

photosystem I and photosystem II, where oxygen and sugars are produced with the help 

of electron acceptor and electron donors. Porphyrins have deep colors and possess high 

molar absorptivity coefficient because of the π - π* transitions which enables them to be 

an excellent candidate in extracting solar spectrum and hence solution processed bulk-

heterojunction solar cells.62 The artificial model system devised uses porphyrins as 

donors and fullerene-based acceptors in order to replicate the natural process of 

photosynthesis. Exciton formation, diffusion, and dissociation in such organic molecules 

is crucial to the performance of the bulk-heterojunction solar cell. Organic molecules 

possessing exciton diffusion length (LD) greater than 10 nm have shown power 

conversion efficiencies of more than 10% in such solar cells.64 Using bulk-heterojunction 

assembly enables the presence of multiple interfaces in the active layer making exciton 

transport more favorable by reducing the possibility of electron-hole recombination. 
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There are several techniques available to measure the exciton diffusion length of 

organic semiconductors. These techniques include photoluminescence (PL) surface 

quenching, time-resolved (PL) surface quenching, time-resolved (PL) bulk quenching 

with Monte Carlo simulation which is used in this chapter, exciton-exciton annihilation, 

time-resolved (PL) bulk quenching with Stern-Volmer equation and Förster resonance 

energy transfer (FRET) theory.65 

We used long alkyl chain carboalkoxyphenylporphyrins compounds as the donor 

material to mimic this process of photosynthesis so that it can be used in organic 

photovoltaics (OPVs). Previously in our research group, the exciton diffusion properties 

of mixed substituent carbomethoxyphenylporphyrins were reported.66 [6,6]-phenyl-C61-

butyric acid methyl ester commonly known as PCBM was used as a quencher in a very 

small amount (vol. frac. 0.06% and 0.2%) to determine bulk quenching efficiencies (Q). 

The mechanism of the exciton diffusion in these long alkyl chain phenyl porphyrins can 

be best explained by Förster resonance energy transfer mechanism, where excitons hop 

and transfer the energy to the next site. The Photoluminescent lifetimes were measured 

on a Ti-Sapphire laser and the lifetimes and quenching efficiencies were used in Monte-

Carlo 3D eDiffusion simulation software to determine exciton diffusion coefficient. In 

this project, we measure and compare exciton diffusion lengths of long and short 

peripheral alkyl chain substituted carboalkoxyphenylporphyrins and relate their exciton 

diffusion properties to their molecular rearrangements and organization. We studied and 

compared the photophysical properties of four new porphyrin derivatives where alkyl 

chain lengths were varied. Upon increasing the length of the alkyl chain in free base 

carboalkoxyphenylporphyrins, the exciton lifetime and exciton diffusion lengths showed 
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an increment up to a certain alkyl chain length. The derivative with hexyl chains (6-

carbon) around it showed exciton diffusion length (LD) of 25 nm. Spectroscopic and XRD 

patterns suggest that the carboalkoxyphenylporphyrins favors nematic or homeotropic 

self-assembly when spin cast which results in improved exciton diffusion properties. We 

synthesize long alkyl chain carboalkoxyphenylporphyrins and measured the exciton 

diffusion properties in these porphyrins. The structure of the porphyrin derivative used is 

shown in Figure 2.1 where we varied the R-group and studied the effects of varying this 

R-group on the exciton diffusion. 

 

Figure 2.1 Structure of Tetrakis-5,10,15,20-(4-carboalkoxyphenyl) porphyrin 
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2.2 Experimental 

2.2.1 Synthesis of tetrakis-5,10,15,20-(4-carboalkoxyphenyl) porphyrin (TCR4PP): 

Tetrakis-5, 10,15,20-(4-carboxyphenyl) porphyrin (0.08 g, 0.1 mmol) was reacted 

with an excess of 1-bromoalkane (0.6 mmol) and potassium carbonate (0.11 g, 0.8 mmol) 

in 15 mL anhydrous DMF at 80°C for 20 h under N2. The reaction mixture was added to 

300 mL of water and the dark purple precipitate was collected by filtration and rinsed 

with water. The product was purified by silica gel column chromatography eluting with 

DCM to yield a purple solid as TCR4PP.43,67,68 

 

Figure 2.2 Synthesis of tetrakis-5,10,15,20-(4-carboalkoxyphenyl) porphyrin derivatives 

Tetrakis-5,10,15,20-(4-carbobutoxyphenyl)porphyrin (TCB4PP): Column 

chromatography using DCM afforded 0.098 g (96%) of purple solid was collected as 

TCB4PP (matching previously reported).69 1Η ΝΜR (300 ΜΗz, CH2Cl2, TMS, δ): 8.86 

(s, 8Η), 8.44 (d, J = 8.0 Ηz, 8Η), 8.31 (d, J = 8.3 Ηz, 8Η), 4.50 (t, J = 6.5 Ηz, 8Η), 1.90 

(pnt, J = 7.0 Ηz, 8Η), 1.62 (sxt, J = 7.4 Ηz, 8Η), 1.07 (t, J = 7.3 Ηz, 12Η), -2.84 (s, 2Η) 

where R is ,
TCM4PP, R = -CH3 (methyl)

TCB4PP, R = -CH2CH2CH2CH3 (butyl)
TCH4PP, R = -CH2CH2CH2CH2CH2CH3 (hexyl)

TCEH4PP, R = -CH2CH(CH2CH3)CH2CH3         (2-ethylhexyl)
TCO4PP, R = -CH2CH2CH2CH2CH2CH2CH2CH3 (octyl)

Tetrakis-5,10,15,20-(4-carboxyphenyl) porphyrin
(TCPP)

Tetrakis-5,10,15,20-(4-carboalkoxyphenyl) porphyrin
(TCR4PP)

K2CO3, N2
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UV-Vis λmax (THF, ε = M-1cm-1): 418 nm (ε = 444,000), 513 nm (ε = 20,000), 547 nm (ε 

= 8,000), 591 nm (ε = 5,000), 647 nm (ε = 3,000) MALDI-TOF (Calculated for 

C64H62N4O8: 1014.44 Found: M = 1014.36). 

Tetrakis-5,10,15,20-(4-carbohexoxyphenyl)porphyrin (TCH4PP): Column 

chromatography using DCM afforded 0.08 g (71%) of purple solid was collected as 

TCH4PP. 1Η ΝΜR (300 ΜΗz, CH2Cl2, TMS, δ): 8.86 (s, 8Η), 8.44 (d, J = 8.0 Ηz, 8Η), 

8.31 (d, J = 8.0 Ηz, 8Η), 4.49 (t, J = 6.6 Ηz, 8Η), 1.91 (pnt, J = 7.04 Ηz, 8  Η), 1.59 (m, 

8Η), 1.43 (m, 16Η), 0.96 (t, J = 7.0 Ηz, 12Η),  -2.84 (s, 2Η) UV-Vis λmax (THF, ε = M-

1cm-1): 418 nm (ε = 653,000), 514 nm (ε = 29,000), 548 nm (ε = 13,000), 591 nm (ε = 

8,000), 646 nm (ε = 5,000) MALDI-TOF (Calcd for C72H78N4O8: 1126.58 Found: M = 

1126.2). 

Tetrakis-5,10,15,20-(4-carbooctoxyphenyl)porphyrin (TCO4PP): Column 

chromatography using DCM afforded 0.082 g (66%) of purple solid was collected as 

TCO4PP. 1Η ΝΜR (300 ΜΗz, CH2Cl2, TMS, δ): 8.86 (s, 8Η), 8.44 (d, J = 8.3 Ηz, 8Η), 

8.31 (d, J = 8.5 Ηz, 8Η), 4.49 (t, J = 6.6 Ηz, 8Η), 1.91 (pnt, J = 7.2 Ηz, 8Η), 1.6-1.38 (m, 

40Η), 0.91 (t, J = 6.8 Ηz, 12Η),  -2.84 (s, 2Η) UV-Vis λmax (THF, ε=M-1cm-1): 418nm 

(ε=453,000), 514nm (ε=21,000), 548nm (ε=9,000), 590nm (ε=6,000), 647nm (ε=4,000) 

MALDI-TOF (Calcd for C80H94N4O8: 1238.71 Found: M = 1238.1)43 

2.2.2 Thin Film Preparation 

Glass microscope slides were washed and sonicated for 15 min each in glass-

cleaning detergent, milliQ water, and isopropyl alcohol, dried with N2 followed by UV-

ozone treatment for 20 min to ensure the slides are free of contaminants.43 Five different 

solutions of carboalkoxyphenylporphyrin derivatives were made in chlorobenzene under 
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nitrogen atmosphere inside the glove-box (approx. 6 mM for each derivative - 

TCM4PP(control), TCB4PP, TCH4PP, TCEH4PP, TCO4PP) and stirred for 24 h before 

spin coating. For each derivative, solutions were doped with PCBM at volume fractions 

of 0.2% and 0.06% (vfrac). The doped porphyrin solutions with PCBM were stirred for 15 

min before spin coating. Spin-cast films were formed by casting the porphyrin solutions 

at 2000 rpm for 60s under N2 atmosphere. Porphyrin solutions and glass slides were 

warmed to 70 °C prior to spin coating to encourage uniform film formation. The spin-cast 

film thicknesses were found to be between 20 nm to 25 nm as measured by atomic force 

microscopy (AFM). Photobleaching during photophysical measurements was avoided by 

encapsulating the films under N2 using epoxy and a coverslip shown in Figure 2.3. The 

PCBM vfrac (total volume occupied by PCBM molecules versus the blend volume) was 

calculated using previously reported methods, with porphyrin densities found 

experimentally to be ~0.97 g cm-3. The PL (t) decay lifetime of each porphyrin film was 

measured using a Ti-Sapphire femtosecond laser with a repetition rate of 200 kHz with 

excitation at 410 nm and emission was collected at 650 nm. PL(t) data were fit to double 

and triple exponential decays using Igor Pro 6.3 software. The fitted PL decays, 

quenching efficiencies and vfrac were used to obtain exciton diffusion coefficients (D) 

using Monte Carlo eDiffusion Software simulations.  
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Figure 2.3 Thin film preparation in the glovebox and encapsulation procedure for PL decay 
and Monte-Carlo eDiffusion modelling  

2.3 Results and Discussions:  

2.3.1 UV-Visible Absorption 

The two most important methods of achieving higher efficiency organic solar 

cells are by either expanding the spectral range where absorption of photons takes place 

or by manipulating the lifetime, diffusion length and charge-separation of generated 

excitons. UV- visible absorption spectra of thin films of all the porphyrin derivatives 

were tested for additional structural information. Previously in our research lab, tetrakis-

5,10,15,20-(4-carbomethoxyphenyl)porphyrin (TCM4PP) was investigated for its 

photophysical and optoelectronic properties. It was seen that TCM4PP doesn’t have good 

solubility in common organic solvents used for organic solar cell fabrication. However, 

replacing the methoxy group on the periphery by butoxy, hexoxy, ethylhexoxy and 

octoxy significantly improved the solubility from 6 mg mL-1 to 80-100 mg mL-1. The 
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absorption spectrum provides us further information about how these different alkyl 

chain derivatives assemble in a thin film. The absorption spectra for thin films as well as 

solutions of porphyrin were studied, and significant differences were observed. The 

absorbance spectra of carboalkoxyphenylporphyrin film and solution (inset) are shown in 

the Figure 2.2.  In solution, the Soret peaks (418 nm - 419 nm) (ε= 400-500 x 10-3 M-1 

cm-1) representing a strong S0-S2 transition, for all the derivatives are seen aligned on top 

of each other with no significant shifts and additional features. The four Q bands known 

as Q4 (514 nm), Q3 (548 nm), Q2 (591 nm), Q1 (647 nm) representing S0-S1 transitions are 

also seen. The similar spectra are attributed to the presence of an identical core structure 

in all the derivatives and the absence of molecular interactions in the solutions. The spin-

cast thin films of porphyrins have broad and red shifted Soret peaks and significant 

differences when alkyl chain is varied which is attributed to π-π porphyrin macrocyclic 

interactions.70 TCM4PP thin film has the most red-shifted Soret peak at 434 nm. As the 

length of the alkyl chain increases the red shift decreases as seen in TCO4PP (422nm) and 

TCEH4PP (421nm). These peaks suggest that long alkyl chains and branching contribute 

to molecular orientation and an increased average spacing between two porphyrin 

molecules when spin-cast. Also, the four Q-bands in both solution as well as thin films 

have different trends suggesting evidence of molecular assembly. The intensity of Q-

bands increases from Q1-Q4 in solutions whereas in films Q1 absorbance (650 nm) is 

more intense than Q2 (600 nm) suggesting molecular self-assembly as the carbon chain 

length is increased. The behavior of Q bands in solutions is similar to an etio-type 

spectrum of porphyrins previously reported in the literature. Stronger Q2 band than Q1 

band suggests molecular self-assembly which is absent in solution.71 However, TCM4PP 
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also show etio-type behavior when spin cast but is absent in higher derivatives. The 

comparison of solution absorbance and thin film absorbance of porphyrin derivatives tells 

us about the possible macrocyclic interactions occurring in thin films, which are absent in 

porphyrins when they are in solutions. Lastly, a small feature found on absorption 

spectrum of TCH4PP was a peak at 400 nm, which could be due to a strong excitonic 

coupling between porphyrin molecules stacked on top of each other in a thin film 

assembly.72 This feature suggests high organization and molecular packing in hexyl 

porphyrin derivative. 
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Figure 2.4 A. Normalized absorption spectra of (a) spin-cast thin films (b) solutions (inset) 

with in a concentration range from 1-5 mM of TCM4PP (−), TCB4PP (−) and TCH4PP (−) 

TCEH4PP (−), and TCO4PP (−); film thickness ranges from 20-25 nm (B) Average step height 

or thickness of the films using AFM 
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2.3.2 Photoluminescent Lifetimes of Thin Films and Exciton Diffusion Constants 

As discussed in section 1.3.4 in Chapter 1, the energy transfer in the molecular 

semiconductors upon excitation takes place by the excitons diffusing or random walk 

hopping by a non- radiative process called the Forster resonance energy transfer (FRET)  

In order to measure exciton diffusion parameters in pristine porphyrin thin film and 

porphyrin-PCBM doped thin films, we used a time-resolved bulk-quenching model and 

ran Monte-Carlo eDiffusion simulations. This is a proven technique used in polymers and 

porphyrins to calculate the exciton dynamics.73 PCBM is the most commonly used 

quencher because of its high electron affinity and solubility in organic solvents.16 The 

lifetimes of pristine and doped films were measured using time-correlated single photon 

counting (TCSPC) method. The data were fitted using Igor Pro 6.3 software. 

The eDiffusion model simulates the conditions on a doped film inside a 20x20x20 

nm simulation box where excitons hop from one site to another until it meets a quencher 

molecule. We need to know what volume fraction of quencher molecule that was added 

in the donor thin films for this simulation, photoluminescent lifetimes (ts) of the pristine 

porphyrin and porphyrin-PCBM thin films as shown in Figure 2.5. The eDiffusion 

simulation discussed in section 2.3.3 keeps running until the PL decays converges with 

the exciton diffusion model which gives us the hop size (H) which is used to calculated 

diffusion coefficient (D) and diffusion length (LD) 
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Figure 2.5 Photoluminescent lifetimes and exponential fits of all the derivatives from 

TCSPC of pristine (a) TCM4PP (b) TCB4PP doped with 0.2% and 0.06% PCBM with 

quenching efficiencies (Q), diffusion coefficients (D) and diffusion lengths (LD) 
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Figure 2.5 Photoluminescent lifetimes and exponential fits of all the derivatives from 

TCSPC of pristine (c) TCH4PP (d) TCEH4PP doped with 0.2% and 0.06% PCBM with 

quenching efficiencies (Q), diffusion coefficients (D) and diffusion lengths (LD) continued 
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Figure 2.5 Photoluminescent lifetimes and exponential fits of all the derivatives from 

TCSPC of pristine (e) TCO4PP doped with 0.2% and 0.06% PCBM with quenching 

efficiencies (Q), diffusion coefficients (D) and diffusion lengths (LD) continued 

2.3.3 Monte-Carlo eDiffusion Simulations used in calculating Diffusion parameters 

In order to calculate the exciton diffusion parameters such as diffusion length (LD), 

quenching efficiency (Qeff) eDiffusion software was used to model the process of 

diffusion and provide the hopsize (H) in a thin film. The excitons diffusion length (LD) 

gives critical information of how far the excitons have to diffuse before they reach the 

interface to undergo exciton dissociation. The Monte-Carlo Simulations in eDiffusion 

software by Oleksandr Mikhnenko enables modeling of photoluminescent decays (PL 

Decays) of pristine as well as blended organic semiconductor, polymer solar cells, etc. As 
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mentioned before, PCBM is a commonly used acceptor material, which is used to make 

polymer acceptor blends. Any exciton diffusion simulation needs two samples one 

quenched and the other one pristine. The procedure has been modified from eDiffusion 

simulation guide in order to explain each and every step of the simulations in detail. The 

lifetime of both the samples can be used to find the relative quenching efficiency ‘Q’ 

using the formula 

Q = 1 − ∫PLSTUVW	dt PL7
YZ[\][VU	

dt …………..Equation 2.1 

The relative quenching efficiency depends on PCBM concentration and the 

morphology of the semiconductor and PCBM blend. This information can be used to 

determine the diffusion constant which in turn will help in determining exciton diffusion 

length in a semiconductor:PCBM blend as well as in the pristine sample. 

The software was developed in c++ and is equally efficient in WindowsXP, 

Windows7 and MacOs. The PL decay lifetimes of pristine and blended samples where 

the concentration of PCBM was known were measured. The instrument response function 

(IRF) is also required while collecting the PL decay lifetime data for deconvolution of the 

actual decay plot. It is important that IRF should be collected with exactly the same 

parameters (except for the emission wavelength) as the lifetime measurements. While 

modeling the semiconductor:PCBM blend we used two separate volume fractions 0.06% 

and 0.2% in our experiment (vf); 

v_ =
`6TabU	6_	cdef	b6TUgaTU	(`hijk	)

`6TabU	6_	\Ub[g6VWag]6Z:cdef	STUVW
 ……………….Equation 2.2 

We can calculate the concentration of PCBM molecules using equation 2.3; 

Ccdef = v_
V7 cdef

 ……………………Equation 2.3 
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Assuming the PCBM molecules are spherical in geometry, therefore, volume of the PCBM 

molecule is given by equation 2.4. 

Vcdef = o
p
πrp ……………………….  Equation 2.4 

Assuming the radius of each PCBM is 0.5 x10-7 cm, the density of PCBM molecule is 

given by equation 2.5. Where M PCBM= 911g/mol, NA is Avogadro’s number. 

ρcdef = Ccdef
fhijk
st

g/cm3……………….Equation 2.5 

Therefore, mass fraction can be written as equation 2.6. Where 𝜌*"v(wxy'zw{x| is density in 

g/cm3. 

m_Z~g =
�hijk

�hijk��@�=IABJ��A�B�
………………Equation 2.6 

Next step is configuring and editing the experiment. The common parameters for 

all the experiments need to go in the software first and the window will display the number 

of excitons simulated which is 104excitons per generation. The gen_num “number” will 

determine the duration in which the simulation occurs. In order to obtain smooth PL decays 

gen_num value should be 500. The coefficients a1, t1, a2 and t2 will determine mono or bi-

exponential PL decays in pristine films of porphyrins in our experiment. 

Afterwards, the radius of exciton and quencher is selected. PCBM is spherical and 

has a radius of 0.5 nm3. So, Eradius and Qradius was set at 0.5 nm3   for our experiment 

assuming they both have a similar size. QAS is size of action sphere centered at quencher 

molecule. Action sphere is where excitons are generated and considered quenched so QAS 

radius =0.  

A simulation box of 20x20x20 nm is used to map the quencher molecule in 3D 

Boolean grid. A Boolean 3D grid of 0.05nm size is superimposed with a simulation box 
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and a value of true or false is assigned to 3D grid depending upon the fact if it overlaps 

with a PCBM molecule or not. dT is the time discretization where random exciton is moved  

D = �\�

9�]
 ..…………………………... Equation 2.7 

The time interval dT is chosen in such a way so that the δs is much smaller than the size 

of quencher used 

δs = hopsize x dT < Qradius….….……………….. Equation 2.8 

hopsize = 	 �\
√W�

 ….……………………..Equation 2.9 

Hopsize determines the diffusion coefficients and is critical to our measurements and is 

independent of dT. 

	D = �B>@I��
�

�
…..….…………………..Equation 2.10 

L� = √aDt …..……………………..Equation 2.11 
 

After running the Monte-Carlo simulations, hopsize was calculated and was used for all 

the derivatives in order to measure the exciton diffusion parameters summarized in Table 

2.1.  

The change in the trend of average PL lifetime (τs) was observed from TCM4PP (1-

carbon chain derivative) to TCO4PP (8-carbon chain derivative) in thin films. An increase 

in the PL lifetime was observed as the peripheral alkyl chain progresses to longer alkyl 

groups; TCM4PP (2.2 ns), TCB4PP (2.5 ns); TCH4PP (3.5ns), TCO4PP (6.1 ns) as shown 

in Table 2.1. Upon doping the pristine porphyrin films with two different volume fractions 

(0.06% and 0.2%) of PCBM, PL lifetimes were shortened due to the quenching of excitons 

at porphyrin-PCBM surface.  This trend was observed both in steady-state emission and 

PL quenching. The quenching efficiency increased with an increase in chain length from 
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methyl derivative to hexyl derivative from 0.35 to 0.38 to 0.42. However, the branched 

derivative with ethyl hexyl chain showed the lowest quenching efficiency of 0.30 when 

0.06% PCBM was added to TCEH4PP solution during spin casting. 

Table 2.1 Alkylated TCR4PP summary of average lifetime decays (t), relative quenching 

efficiency (Q), exciton diffusion coefficient (D), diffusion length (LD), and steady-state 

quenching efficiency (Qss) 
 

τS1 (ns) τQa (ns) Qa D x 10-4  

cm2 s-1 

LD (nm) QSSb QSSc 

TCM4PP 

(Control) 

2.20 1.43± 0.27 0.35± 0.12 1.9 ± 0.6  15.4 ± 4.5 0.30  0.57 

TCB4PP 2.53±1.0 1.57 ±0.09 0.3 ± 0.03 1.7 ± 0.2 16.0 ± 1.2 0.53 0.59 

TCH4PP 3.50±3.0 1.73 ±0.27 0.52 ± 0.07 2.2 ± 0.7 21.3 ± 3.4 0.70 0.79 

TCEH4PP 3.10±1.6 2.19± 0.21 0.30 ± 0.07 1.0 ± 0.4  13.8 ± 2.7 0.40 0.57 

TCO4PP 6.25 ±2.7 3.45± 0.71 0.45  ± 0.11 0.9 ± 0.5 18.7 ± 4.8 0.82 0.96 

 

The octyl derivative (TCO4PP) showed lower quenching efficiency than the hexyl 

derivative (TCH4PP). TCH4PP also gave us the longest exciton diffusion length of 21 ± 

3.4 nm when calculated from the equations used in Monte Carlo eDiffusion simulations. 

The octyl derivative showed the lowest diffusion constant (D=0.9x10-4 cm2 s-1) but due to 

very long lifetimes of octyl derivative, the diffusion length was calculated at 18 .7 ± 4.8 

nm. The hexyl derivative (TCH4PP) demonstrated the highest exciton diffusion lengths 

(LD), diffusion coefficients (D) and relative quenching efficiencies (Q) out of all the 

derivatives. TCO4PP showed the longest lifetimes out of all the derivatives. These are 

some of the longest diffusion lengths for porphyrin derivatives ever reported but the 
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diffusion coefficients were similar to the previously reported in porphyrin systems in 

literature. Finally, steady-state quenching efficiencies of TCH4PP and TCO4PP were also 

higher than TCM4PP, TCB4PP. TCEH4PP showed the lowest quenching efficiencies of 

all the porphyrin derivatives.74 

2.3.4 Calculating exciton diffusion using Stern-Volmer equation 

The Stern-Volmer equation can also be used to quantify quenching data and calculate the 

exciton diffusion parameters for compounds that exhibit single exponential decays. Most 

of the PL decay with quencher PCBM were fitted using bi or tri exponentials in Igor Pro. 

Software. The Stern-Volmer equation is often used to determine Stern-Volmer constant 

and is given by: 

��
�
= 1 + 𝐾*�	[𝑄]……………………….Equation 2.12 

Where, 

Io fluorescence intensity in the absence of quencher and I is the fluorescence intensity in 

the presence of quencher 

Ksv is Stern-Volmer constant  

Q is the concentration of quencher 

In a bimolecular reaction, Ksv is given by Kq. τo where Kq is bimolecular quenching which 

is proportional to diffusion coefficient and τo lifetime of an excited state in the absence of 

quencher.75,76  

The average PL decays were used and the calculated the diffusion coefficients for all the 

carboalkoxyphenylporphyrin derivatives in pristine and blended thin film assembly were 

calculated. For this purpose, the concentration on each blend in the thin film was 

calculated as 0.00042 M for 0.06% vol. fraction and 0.0018M for 0.2% vol. fraction. The 
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distance of the exciton to organic semiconductor was assumed to be 1 nm based on our 

literature survey and the radius of PCBM molecule. Once the concentration and distance 

of the exciton-exciton was established the data was fitted into Stern-Volmer equation.  

2
𝝉
= 2

𝝉�
+ 4 πrDc……..…………………..Equation 2.13 

Where, 
τ is PL lifetime of the blended film 

τF is the PL lifetime of the pristine film 

r is the distance between exciton  

D is the diffusion coefficient, and  

C is the concentration of quencher in the thin film 

Table 2.2 shows the diffusion coefficients calculated using both Stern-Volmer equation 

and Monte-Carlo eDiffusion simulation model 
 

τS1 (ns) τQa (ns) Qa D x 10-4  

cm2 s-1(SV) 

LD  

 

TCB4PP 2.53±1.0 1.57 ±0.09 0.3 ± 0.03 1.64±0.2 15.6± 1.2 

TCH4PP 3.50±3.0 1.73 ±0.27 0.52 ± 0.07  2.5± 0.7 22.9± 3.4 

TCEH4PP 3.10±1.6 2.19± 0.21 0.30 ± 0.07  1.28± 0.4 15.4± 2.7 

TCO4PP 6.25 ±2.7 3.45± 0.71 0.45  ± 0.11  1.77± 0.5 25.7± 4.8 

 

The values for diffusion coefficients(D) and exciton diffusion length (LD) are in good 

agreement with the Monte-Carlo calculations with some variations which could be 

attributed to the nature of the exponential fit of the PL decays. Stern-Volmer equation 

generated higher exciton diffusion lengths (LD) for TCO4PP as the equation relies heavily 

on PL lifetime decays. This method is more useful for single exponential PL decay fit and 
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bilayer assembly which assumes there is 1-D interface between donor and acceptor.36 The 

values in Table 2.2 are preliminary calculations done only to see the relativity of two 

different techniques in order to calculate diffusion coefficients. We believe the Monte- 

Carlo simulations provide much more realistic data by simulating the actual conditions 

such as number of quencher molecules present in the thin films. 

2.3.5 Photoluminescent Lifetimes of Porphyrin Solutions 

The photoluminescent lifetime decays of all the porphyrin derivatives in dichloromethane 

(DCM) solutions were measured and very similar PL lifetime (τs) decays were observed 

for all the porphyrin derivatives. The lifetime of the excitons in the porphyrin derivatives 

with alkyl chain length from methyl to octyl was very similar unlike the thin films of all 

of these derivatives, where the lifetimes varied significantly indicating the increasing 

alkyl chain has very little to no effect on singlet exciton PL lifetime in the 

carboalkoxyphenylporphyrins All of the PL lifetime (τs) decays were between 8.5-9.0 ns 

as shown in Figure 2.6. This behavior could be attributed to the presence of similar core 

in all the derivatives and similar molecular interactions in the solutions unlike thin films. 
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Figure 2.6 PL lifetimes and exponential fit of all porphyrin derivatives in a 

dichloromethane 
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Figure 2.6 PL lifetimes and exponential fit of all porphyrin derivatives in a 

dichloromethane continued. 
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2.3.6 Steady-State Emissions 

The steady-state emission of all the derivatives is shown in Figure 2.7.  

Figure 2.7 Steady-State emission of (a) TCB4PP pristine and with 0.06%, 0.2% 

PCBM (b) TCH4PP pristine and with 0.06%, 0.2% PCBM (c) TCEH4PP pristine 

and with 0.06%, 0.2% PCBM (d) TCO4PP pristine and with 0.06%,0.2% PCBM 

The emission spectra of all the pristine and porphyrin:PCBM blended derivatives 

with 0.06% and 0.2% PCBM have been shown. The excitation wavelength of 425 nm 

was used for all the derivatives since the highest absorption intensity for the 

carboalkoxyphenylporphyrin derivatives falls in that range. The intensity of the emission 

for pristine derivative decreases as the volume fraction of quencher/ acceptor material 
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increases and is seen in the following figure. TCO4PP showed the highest steady-state 

quenching efficiency and the data has been summarized in Table 2.1. 

The relative quenching efficiencies were calculated by integrating the area under 

the pristine porphyrin emission curves and pristine-PCBM doped porphyrin emission 

curves using the following equation 

𝑄𝑠𝑠 = 1 − ∫ F¢£¤¥¦§	'{
	F¢¨©ª«¬ª¦¥'{

  ………………….Equation 2.14 

2.3.7 X-Ray Diffraction Analysis: Thin films  

The structural rearrangements of porphyrin thin films on the glass substrate was studied 

using x-ray diffraction (XRD) data and additional information regarding the organization 

of porphyrin thin films were obtained as shown in Figure 2.6. The smallest alkyl chain 

derivative TCM4PP showed one broad peak at 2q = 10 °-35 ° with no other intense peaks, 

which means there is little to no order present in TCM4PP.  As the length of the alkyl chain 

was increased the intensity of XRD peaks increases. The broadened peak at 2q = 10 °-35 ° 

is also found in the XRD spectra for TCB4PP, TCH4PP, and was previously observed in 

thin films containing tetrabutylphenylporphyrins indicating minimal periodic structure.70  
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Figure 2.6 X-ray diffraction patterns of solution-cast thin films of TCM4PP (−), 

TCB4PP (−) and TCH4PP (−) TCEH4PP (−), and TCO4PP (−), film thickness: 20-25 

nm. Porphyrin stacking in solution-cast thin films b) nematic assembly and a) slip-

stack assembly 

Three intense peaks were seen in the XRD spectra with different relative 

intensities for thin films of  TCH4PP, TCEH4PP, and TCO4PP derivatives (at  

approximately 2q = 6 °, 22 °, and 34 °) with an exception of TCB4PP  as it didn’t have 

the peak at 2q=34 ° and showed only  two peaks at 2q = 6 ° and 22 °. This data indicates 

the diffraction peak ranging from 2q = 5.9 ° - 6.3 ° indicating self-assembled stacks of 

organization of porphyrin molecules aligned perpendicular to the surface with a 

calculated d-spacing between the porphyrin stacks ranging from 13.99 Å to 15.31 Å 

respectively.72 The d-spacing values are in good agreement with previous reports of 

solution-cast thin tetraphenyl porphyrin films which also show interplanar stack distances 
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of 14 Å. 72 Literature survey showed reports of tetraphenylporphyrins and zinc-

octaethylporphyrin  suggesting  surface stacking and molecular orientations at angles 

between 23 ° and 50 °.77 Interestingly, the TCEH4PP branched alkyl chain derivative 

showed largest calculated d-spacing of 15.3 Å, while the TCO4PP octyl alkyl derivative 

exhibited the closest d-spacing of 13.9 Å The ratio of relative intensities of the peaks at 

the 2q = 6.0 ° to the more intense peak at 2q = 22 ° was found similar and roughly 

calculated at 2:1 for thin films containing TCB4PP, TCEH4PP, and TCO4PP porphyrin 

derivatives. The ratio of relative intensities of the same peaks was nearly 5:1 in the XRD 

spectrum of the TCH4PP derivative. This data suggested that the TCH4PP (hexyl-

containing) film has a higher order and crystalline domains and majority of the aligned 

porphyrin molecules stacked on the surface in a well packed, nematic/homeotropic 

arrangement.70,78 Although TCB4PP also shows evidence of an organized assembly of the 

molecular thin film; there are likely greater regions of disorder or aggregation within the 

films as summarized from literature and data collected. Table 2.2 summarizes the XRD 

peaks with d-spacings and relative intensities. 

Table 2.3 XRD Data for TCB4PP, TCH4PP, TCEH4PP, TCO4PP 

TCB4PP    

XRD peaks (2q) 6.08 22.28 N/A 

d-spacing(Å) 14.54 3.99 N/A 

Intensity 34 83 N/A 

Relative Intensity(%) 41 100 N/A 

TCH4PP    

XRD peaks (2q) 5.98 22.38 34.23 
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d-spacing(Å) 14.78 3.97 2.62 

Intensity 41 206 77 

Relative Intensity (%) 20 100 37 

TCEH4PP    

XRD peaks (2q) 5.78 22.13 34.38 

d-spacing(Å) 15.30 4.02 2.61 

Intensity 31 56 24 

Relative Intensity (%) 55 100 43 

TCO4PP    

XRD peaks (2q) 6.33 22.63 34.23 

d-spacing(Å) 13.97 3.93 2.61 

Intensity 64 141 46 

Relative Intensity (%) 45 100 33 

 

The largest relative peak intensities for 2q = 6.0 ° were observed for thin films 

containing TCO4PP and TCEH4PP indicating a preferentially stacked arrangement with 

porphyrin edge-on alignment observed previously with self-assembled coordinating 

porphyrins.43 The XRD data suggests that TCH4PP derivative is very closely packed and 

stacks in a nematic/homeotropic assembly, which explains its longest diffusion lengths, 

and strong excitonic coupling as it has more structural organization. 

2.4 Conclusions 

Exciton diffusion parameters of five carboalkoxyphenylporphyrin derivatives 

with varying peripheral alkyl groups were investigated. Time-correlated single photon 

counting was used to measure the photoluminescent lifetime decays of these singlet 



 

 57 

excitons. We conclude that the exciton diffusion is sensitive to the molecular packing and 

rearrangements in these derivatives, which is also influenced by the size of alkyl groups 

on the porphyrin ring in thin films. X-ray diffraction showed a difference in molecular 

packing in various different alkyl group leading to more organized pattern and 

approaching single crystal structures as we increase the alkyl chain length. XRD data 

indicates the presence of nematic/ homeotropic assembly in hexyl chain derivative 

(TCH4PP) exhibiting strong excitonic coupling. This particular derivative gave us the 

longest exciton diffusion length and high exciton diffusion parameters. The derivative 

with branching (-ethylhexyl) on the porphyrin ring TCEH4PP displays the shortest 

exciton diffusion length, which is due to slip-stacked molecular assembly. Spin-casted 

thin films of TCH4PP showed the exciton diffusion length of 20-25 nm, which is double 

the exciton diffusion length of many organic semiconductors being currently used in 

OPVs. TCO4PP derivative showed a significantly longer lifetime of 6.3ns however the 

diffusion rate was lower than other derivatives for TCO4PP.  We conclude that TCH4PP 

has a balanced mixture of molecular packing/organization in thin films, which makes 

them better candidates than other derivatives. This study also demonstrates the sensitivity 

of how in porphyrin dye molecular packing and rearrangements can have a massive 

impact on their photophysical properties and exciton diffusion. Our results provide a deep 

insight into PL lifetimes, exciton diffusion lengths, quenching efficiencies and diffusion 

coefficients which will be useful in understanding and developing better performing 

porphyrin-based optoelectronic devices.  
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CHAPTER 3. FILM STRUCTURE MODIFICATIONS TO ENHANCE EXCITON 
DIFFUSION IN PORPHYRIN-FULLERENE BILAYER THIN FILMS AND 

STUDYING THEIR THERMAL PROPERTIES 
 
 

3.1 Introduction and Background 

There are various assemblies that could be used to fabricate an organic 

photovoltaic device such as bilayer where donor and acceptor material has a defined 

interface or bulk-heterojunction where donor and acceptor interfaces are intermingled. 

Bulk-Heterojunction (BHJ) assembly is one of the most common active layer assembly 

where donor and acceptor components are intermixed having several interpenetrating 

networks of interfaces.79 The BHJ assembly is known to have a blended irregular 

interface of donor and the acceptor material with an advantage of increased surface area 

of the interface and reduced recombination sites for the excitons.79 The exciton diffusion 

lengths (LD) for most of the organic semiconductors are short (approx. 10 nm) requiring a 

multiple interfaces like in bulk heterojunction in order for excitons to reach the 

interface.80,81 High efficiency organic solar cells are highly dependent on the efficiency of 

exciton diffusion mechanism at the interface in order to form free charge carriers that can 

be extracted at the respective electrodes. Another possible method to improve efficiency 

is to increase the exciton diffusion length of the organic semiconductor and form a 

layered interface by molecular self-assembly or stacking where donor and acceptor have 

a 1-D interface.74,82 During this project we prepared bilayer assembly of porphyrin and 

fullerene thin film where porphyrin was spin coated and fullerene was evaporated under 

high vacuum on top of the porphyrin layer. The goal of this project was to study the 

effect of bilayer quencher molecules on the exciton quenching efficiencies (Q). While 

most of the cases of BHJ assembly have given higher efficiencies than a bilayer 
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assembly, there have been experiments performed when bilayer organic solar cells gave 

comparative power conversion efficiencies in organic solar cells.83 Figure 3.1 shows the 

bilayer thin film assembly and the derivatives used in this chapter for the structural 

modifications and annealing studies. 

 

Figure 3.1 Porphyrin derivatives and fullerene used in bilayer thin film composition 

The thin film UV-vis absorbance spectra, steady-state fluorescence emission, and 

thermal properties of three carboalkoxyphenylporphyrin derivatives before and after 

annealing have been studied: tetra(4-carbohexoxyphenyl)porphyrin (TCH4PP), tetra(4-

carbo-2-ethylhexoxyphenyl)porphyrin (TCEH4PP), and tetra(4-carbooctoxyphenyl)-

porphyrin (TCO4PP). The quenching efficiencies of these three derivatives have been 

calculated from their steady-state emission using pristine spin cast films and films with 

an evaporated C60 bilayer. Structural analyses have been performed using X-ray 

diffraction (XRD), UV-vis spectroscopy, and thermal annealing properties were studied 

using differential scanning calorimetry measurements (DSC). Annealing the films caused 

(e) Bilayer Assembly  

(a)  TCH4PP (c) TCO4PP(b) TCEH4PP

(d) C60 (f) Evaporator Chamber
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significant structural changes and these were also observed in the UV-vis absorbance 

spectra and XRD diffraction patterns. Prior to thermal annealing, quenching efficiencies 

are greatest for the TCH4PP and TCO4PP (hexyl and octyl derivatives), which is in 

agreement with previous bulk quenching experiments done to calculate exciton diffusion 

lengths.61 After annealing, the hexyl derivative (TCH4PP) showed the lowest bilayer 

quenching efficiency and indicated evidence of significant molecular rearrangements.15 

3.2 Experimental  

The studied porphyrin materials TCH4PP, TCEH4PP, and TCO4PP were prepared 

as previously reported.61,68 Fullerene, C60 (99.8%)  was purchased from SES chemicals 

and was used as received. Microscope slides (2 cm x 2 cm) were thoroughly washed and 

sonicated for 20 min in alkonox, milli-Q water, isopropyl alcohol, dried with N2 and 

followed by UV-ozone treatment for 20 min to obtain a clean surface free of 

contaminants for spin-casting. The slides were thoroughly checked for any surface 

contaminants before introducing them into the glove box for hot spin casting. Three 

pristine carboalkoxyphenylporphyrin derivatives solutions TCH4PP, TCEH4PP, and 

TCO4PP were prepared in chlorobenzene under nitrogen atmosphere (approx. 6 mM). 

The studied derivatives showed excellent solubility in chlorobenzene for device purposed 

(100 mg mL-1).43 The solutions of each derivative consisting of TCH4PP, TCEH4PP, and 

TCO4PP in chlorobenzene were stirred for 48 h before spin coating to ensure proper 

mixing. The solutions and glass slides were heated on hot plate inside the glove box at 70 

°C for 10 -15 min prior to spin casting to make sure the solution and glass substrate is at 

same temperature to achieve uniform thin films. Films were spin cast at 2000 rpm for 45 

s under controlled N2 filled glove box. The hot spin casting ensures uniform porphyrin 
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film formation. C60 evaporation was done in an evaporation chamber inside the glove box 

and C60 layer thickness was monitored to achieve a 30 nm thickness. An aluminum oxide 

coated boat was used to evaporate C60 using 5 x 10-6 mbar pressure.  

Two different sets of thin films were prepared for data collection. One set of thin 

films was spin-coated and introduced in to evaporation chamber for fullerene layer. The 

other set of thin films was annealed at 150 °C after spin coated for 15 min to collect 

thermal annealing data before evaporating fullerene layer. The absorbance spectra of the 

thin films were measured before and after evaporation of C60 layer for both sets of films 

on a Cary 300 spectrophotometer. Steady-state emission was measured for thin films 

before and after on a Jobin Yovin  fluorolog. XRD patterns were obtained using a 

Panalytical X'Pert Pro MPD with Ni filtered Cu Ka radiation (l = 1.541 Å) from a fixed 

anode at 45 kV, 40 mA. Data were collected with a 0.02 o step size (5 o < 2q < 120 o), and 

a counting time of 0.35s per point. Differential scanning calorimetry (DSC) 

measurements were performed on Mettler Toledo using Al crucibles scanning 25 o – 250 

o C at 10 C min-1 scan rate (forward and reverse cycles) using 2-3 mg of porphyrin 

TCH4PP, TCEH4PP, and TCO4PP.  

3.3 Results and Discussion: 

3.3.1 Differential Scanning Calorimetry 

In order to study the thermal behavior of the pristine porphyrins, glass transition 

temperatures (Tg) of all the derivatives were determined using differential scanning 

calorimetry technique. One heating and cooling cycle was performed to observe the 

phase transitions happening in the porphyrin derivatives at the rate of 10 °C/min as 

shown in Figure 3.2. The methyl chain derivative (TCM4PP) showed no phase transition 
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pointing out absence of crystalline nature whereas the butyl derivative (TCB4PP) showed 

a phase transition at 78°C in the forward cycle or heating cycle and two peaks in cooling 

or backward cycle during the measurement at 124 °C and 101 °C. 

The hexyl derivative (TCH4PP) showed only one phase transition during heating 

and cooling cycle at 130 °C whereas ethyl hexyl or branched derivative (TCEH4PP) 

showed a phase transition at a very high temperature around 218 °C and at 129 °C during 

the cooling cycle. The longest alkyl chain derivative, octyl derivative (TCO4PP) showed 

a peak at 208 °C during forward cycle and at 154 °C during cooling cycle. The heating 

and cooling cycles in all the thermograms forms a hysteresis and peaks indicates a 

transition from or towards crystallinity.84 The forward peak seen in TCB4PP, TCH4PP, 

TCEH4PP and TCO4PP indicates melting since melting is an endothermic process hence 

more heat is absorbed by the sample at this point and there is increase in heat flow seen 

when it is plotted against temperature and indicates melting point (Tm) of the specific 

porphyrin derivative during the heating cycle and the downward  

The bend during the cooling cycle shows a crystalline exothermic transition and 

indicates the crystalline temperature of the porphyrin sample. This information was 

useful in selecting an appropriate annealing temperature for the porphyrin derivatives 

during thermal studies. 
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Figure 3.2 Differential Scanning Calorimeter measurements of pristine derivatives of 
TCB4PP, TCH4PP 
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Figure 3.2 Differential Scanning Calorimeter measurements of pristine derivatives of 
TCEH4PP, TCO4PP continued. 
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3.3.2 Steady-State Emission and Quenching Efficiencies  

We have previously reported the exciton quenching efficiencies of the 

carboalkoxyphenylporphyrin derivatives thin films in bulk-heterojunction assembly 

where porphyrin and PCBM solutions were blended in a solution to get a donor-acceptor 

solution.43 During this project we explain the effects of distribution of quencher /acceptor 

to understand if it is interfering in the exciton transport dynamics. Therefore, we made a 

bilayer assembly of porphyrin and C60 thin films, where porphyrin solution was spin-

coated similar to previous project but a thin layer of C60 was evaporated inside controlled 

atmosphere in evaporator chamber inside the glove box to obtain a planar heterojunction. 

 

Figure 3.3 Steady-State emission of bilayer thin films with and without C60, inset shows SSE 

of annealed films (150 °C) 

The steady-state efficiencies (SSE) of pristine porphyrin thin films and bilayer 

porphyrin-C60 thin films were investigated at room temperature and at 150 °C as shown 
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in Figure 3.3. The results have been summarized in Table 3.1. The bilayer thin films 

were made to study the effect of distribution of acceptor or quencher molecules on 

exciton diffusion properties and quenching efficiencies in contrast to our previously 

studied bulk-heterojunction assembly.43 The results from SSE of bilayer thin films shows 

similar trend from bulk-heterojunction assembly, which confirms that the distribution of 

acceptor does not affect the exciton diffusion. The results show an average steady-state 

quenching efficiency of 0.32 for TCH4PP, followed by 0.25 for TCO4PP and TCEH4PP 

showed least quenching efficiency of 0.22. This also provides good evidence that the 

higher rates of diffusivity seen for TCH4PP were related to the exciton diffusivity and 

molecular organization, and not dependent upon the differences in PCBM distribution 

within the porphyrin thin films. The interfaces between each derivative and C60 is similar, 

however, absorbance and morphological data indicates changes in the molecular packing 

between these three porphyrin derivatives. Remarkably, after thermal annealing of the 

pristine porphyrin films, the quenching efficiency for the TCH4PP derivative is 

significantly decreased to 0.14, whereas the average quenching efficiencies of TCO4PP 

and TCEH4PP increased to 0.31 and 0.39 respectively. 
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Table 3.1 Quenching efficiencies obtained from steady-state emissions of bilayer 

porphyrin-C60 thin films at room temperature and at annealed temperature. 

 

 

 

 

 

 

 

Differential scanning calorimetry measurements indicate that only the TCH4PP 

derivative shows a phase transition below the temperature that was used to anneal the films 

whereas TCEH4PP and TCO4PP both show Tm endotherms above 200 °C. It was observed 

that above 180 °C, thin porphyrin films began to degrade, and therefore annealing 

temperatures were kept at 150 °C. Table 3.1 shows decrease in quenching efficiency for 

TCH4PP indicating major structural variations upon annealing whereas for TCEH4PP and 

TCO4PP the values increased post annealing. 

3.3.3 UV-Vis Absorption Spectra of Porphyrin-C60 Bilayer Thin Films 

Additional information about bilayer thin films was obtained from the UV-vis 

spectra of the thin films. Figure shows the absorbance spectra of the thin films of 

TCH4PP, TCEH4PP and TCO4PP with C60 evaporated and without C60 evaporated. The 

absorbance was measure before and after annealing. The Soret peak in thin films between 

420-430 nm suggests π-π porphyrin macrocyclic interactions.70 The red shifted and 

broadened Soret peak was seen in thin films as explained in Chapter 1, which is likely 

 Qss 

 (Room Temp.) 

Qss 

 (Heated – 150 °C) 

TCH4PP 0.32 + 0.09 0.14a 

TCEH4PP 0.22 + 0.1 0.31 + 0.14 

TCO4PP 0.25 + 0.1 0.39 + 0.06 
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due to porphyrin-porphyrin molecular interactions aggregation and decreased average 

molecular spacing.70 The absorbance was similarly measured after evaporating C60 film 

on the porphyrin thin film and very little to no shift in Soret peaks were seen. The C60 did 

not penetrate deep into the porphyrin thin films. The presence of C60 can be seen from the 

absorption spectra where an increase in the baseline starting from 650 nm to 400 nm after 

evaporation. TCH4PP had the most red-shifted Soret peak at 431 nm as compared to 

TCEH4PP (427nm) and TCO4PP (423nm). After the films were annealed in a controlled 

environment at 150 °C for 15 min, TCH4PP had the largest blue shifted Soret peaks after 

annealing (8-10 nm) as compared to TCEH4PP and TCO4PP.  

 

Figure 3.4 Absorbance spectra of TCH4PP, TCEH4PP and TCO4PP before and after C60 

deposition at room temperature (2a) and films annealed at 150 °C (2b) 
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This suggests that TCH4PP is more sensitive to annealing and underwent 

substantial molecular rearrangements or reorganization upon annealing which could be 

attributed to the ordered arrangement of porphyrins in TCH4PP as explained in XRD data 

in Chapter 2. 

 

Figure 3.4 Absorbance spectra of TCH4PP, TCEH4PP and TCO4PP before and after C60 

deposition at room temperature (2a) and films annealed at 150 °C (2b) continued. 

3.3.4 XRD Analysis of Porphyrin Thin Films Before and After Annealing 

The X-Ray diffraction analysis for the annealed and non-annealed thin films of 

TCH4PP, TCEH4PP and TCO4PP was done. The three peaks for all the respective 

derivatives were seen at 2θ=6 °, 22 ° and at 34 ° with the most intense peak at 2θ=22 ° as 

seen below in the figure. After the films were annealed for 15 minutes at 150 °C, the 
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XRD measurements were repeated and a decrease in peak height was seen. In addition, 

the peak at 2θ=34 ° could not be seen in annealed films as compared to non-annealed. 

The peaks for TCO4PP and TCEH4PP broadened from the base suggesting less ordered 

packing in annealed films and more ordered packing in non-annealed films. 

 

Figure 3.5 XRD peaks for annealed and non-annealed thin films of TCH4PP, TCEH4PP and 

TCO4PP 

Crystallite size was calculated roughly using Scherrer’s equation for annealed and non-

annealed thin films using the full-width half maxima (FWHM).85 Table 3.2 shows the 

size of crystallite calculated from equation 3.1 before and after annealing. 

𝐵(2q) = ¯l
¢wx*q

 ……………………………..Equation 3.1 

Where K is dimension factor normally considered close to unity 
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l is wavelength of X-Ray 

B is line broadening at FWHM in radians and is also denoted as B(2q) 

q is bragg’s angle 

 

Table 3.2 Crystallite size using Scherrer’s equation before and after annealing 

Derivative   At R.T Size (nm) Annealed @150°C 

TCH4PP  

(6-Carbon Chain) 

114.1 nm 3.3 nm 

TCEH4PP  

(Branched 6-Carbon 

Chain) 

59.4 nm 7.8 nm 

TCO4PP  

(8-Carbon Chain) 

56.4 nm 4.4 nm 

 

3.4 Conclusions 

The steady-state quenching efficiencies for bilayer thin films were investigated at 

room temperature and at 150°C. Three high performing porphyrin derivatives were chosen 

TCH4PP, TCEH4PP and TCO4PP. Out of the three derivatives chosen for this study 

TCH4PP showed the highest quenching efficiencies at room temperature when a thin layer 

of C60 was deposited through evaporation. When the films of TCH4PP were annealed to 

150°C these films of TCH4PP were most affected indicating significant structural changes. 

We also studied XRD patterns and absorbance data of these bilayer thin films at room 

temperature and the data completely support the fact that the acceptor (C60) distribution 
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doesn’t have any impact on diffusion process in these derivatives. The peak at 2θ=6 ° 

suggests stacks of porphyrins on each other and is present in all the derivatives with varying 

intensities. At 2θ= 22 ° relatively intense peak is present and is indicative of 

nematic/homeotropic porphyrin molecules. 
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CHAPTER 4. TERNARY P3HT:PORPHYRIN:PCBM BULK-
HETEROJUNCTION SOLAR CELL DEVICES 

 
 

4.1 Introduction 

Ternary assembly of polymer:fullerene along with a photoactive dye like 

porphyrin has recently attracted interest due to their tunable optical properties.81 The 

broad spectral range of porphyrins makes them excellent candidates to be used in ternary 

blended bulk heterojunction (BHJ) thin film solar cells.86 In addition, it is believed that 

such dyes can enhance the overall charge transport in the cell assembly by changing the 

surface morphology at the interface.87 This chapter focuses on optimizing a ternary 

blended OPV device structure using four different derivatives of free base 

tetracarboalkoxyphenylporphyrin (TCR4PP) in conjunction with poly-3-hexylthiophene 

(P3HT) as the donor material and 6,6-phenyl-C61-butyric-acid-methyl-ester (PCBM) as 

the acceptor in the active layer. Ternary blends with two compatible donor materials and 

with one acceptor material are emerging as a good alternative to improve the power 

conversion efficiency (PCE) problem faced by binary devices. As stated above, there are 

two ways a ternary blend can improve the efficiency of an organic device by increasing 

the solar absorption range or by enhancing free charge carrier separation and transport. 

One of the common problems faced in bulk heterojunction solar cells is a high 

series resistance and recombination rates in the active layers. Porphyrins have inferior 

charge mobilities and longer exciton diffusion lengths as compared to some common 

organic semiconductors. Literature suggests increased short circuit current densities (Jsc ) 

and tunable open-circuit voltage (Voc) in ternary blends depending upon the composition 

of the ternary blend.88 Since Voc is limited by the difference between HOMO energy level 
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of the donor and LUMO energy level of the acceptor, there is little room for tuning the 

Voc in binary systems and Jsc is limited by the absorption intensity. There have been 

experiments where Voc was found to be tunable in such ternary blends but fill factor (FF) 

was lowered.80,81,88,89 Research continues in this area to establish how ternary blends with 

porphyrins and conjugated ploymers affect solar cell device efficiencies. 

We have previously studied the effects of changing length of peripheral alkyl 

group and molecular orientation in carboalkoxyphenylporphyrins on their exciton 

diffusion parameters in thin films. Our previous study showed an increase in exciton 

diffusion length and photoluminescent lifetimes as we increased the chain length on the 

meso-positions of these porphyrin derivatives. We hypothesized that this increase in 

chain length around the porphyrin molecule will have a positive impact on the efficiency 

of solar cells fabricated from these derivatives due to added stearic hinderance which is 

responsible for increasing charge separation distance in such bulky porphyrin derivatives 

and hence reduces the recombination rate.87 The XRD analysis of our porphyrin 

derivatives revealed an interesting finding which helped us understand the orientation of 

these porphyrins in thin films. The derivatives with hexyl and octyl chains on their meso-

positions are more likely to organize themselves in a homeotropic assembly which makes 

the exciton diffusion transport more efficient. However, the derivatives with branched 

chain ethylhexyl groups are more likely to organize themselves in a manner which is not 

very favorable for exciton diffusion. The nature of the molecular orientation and 

organization of these porphyrin derivatives heavily impact their exciton diffusion 

mechanism which is a critical phenomenon in the active layer of the OPV devices. 
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Therefore, we studied the effects of addition of four different porphyrin 

derivatives to a P3HT:PCBM organic solar cell and studied their device parameters and 

spectral responses. Poly-(3-hexylthiophene) P3HT has been chosen for its good hole 

mobilities as compared to porphyrins. Porphyrin derivatives provided an increase in the 

spectral range and have energy levels that are desirable for charge separation and electron 

transfer when mixed with the electron accepting material PCBM. The goal of this project 

was to investigate how the different porphyrins exciton diffusion length (LD) would 

impact the device efficiency of a ternary blended organic solar cells. There are very few 

studies that relate the exciton diffusion properties and power conversion efficiencies to 

the molecular structures and arrangements in such ternary blends. We also studied the 

photophysical properties such as absorption and external quantum efficiency spectra of 

the ternary compositions thin films to understand the contribution of porphyrin in the 

ternary blended active layer of the solar cell.88,89 

4.2 Experimental  

4.2.1 Synthesis of free base carboalkoxyphenyl porphyrin: 

Four free base carboalkoxyphenyl porphyrins were synthesized using already 

published synthesis scheme.67 As explained in Chapter 2, four different derivatives of 

carboalkoxyphenylporphyrin derivatives were synthesized  with varying alkyl chain at 

the meso positions such as TCB4PP (carbobutoxy- 4 carbon chain),TCH4PP ( 

carbohexoxy- 6 carbon chain), TCEH4PP( carboethylhexoxy- branched 6 carbon), 

TCO4PP( carbooctoxy-8 carbonchain) from Tetrakis-5, 10,15,20-(4-

carboxyphenyl)porphyrin.Tetrakis-5, 10,15,20-(4-carboxyphenyl)porphyrin (0.08 g, 0.1 

mmol) was reacted with an excess of 1-bromoalkane (0.6 mmol)  and potassium 
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carbonate (0.11 g, 0.8 mmol) in 15 mL anhydrous DMF at 80°C for 20 h under N2. 

Reaction mixture was added to 300 mL of water and the dark purple precipitate was 

collected by filtration and rinsed with water. The product was purified by silica gel 

column chromatography eluting with DCM to yield a purple porphyrin derivatives.43,67  

4.2.2 Solution Making and Thin Film Preparation from Ternary solutions  

In order to measure thin film UV-Vis spectra of ternary blends of 

P3HT:Porphyrin:PCBM, microscopic glass slides measuring 2 cm x 2 cm were sonicated 

in alkonox, milliQ water and isopropropyl alcohol (IPA) for 15 min each and dried with 

N2. The films were then treated in UV-ozone chamber for 20 m and were transferred to 

glove box immediately. Polymer:Porphyrin:PCBM thin films were drop-casted inside the 

glove box under ambient conditions (H2O (0.1ppm); O2 (0.6ppm). Approximately, 

7mg/mL solution of each component of active layer (P3HT:Porphyrin:PCBM) was 

dissolved in o-dichlorobenzene and stirred for approx. 24 h inside the glove box . The 

vials were sealed with paraffin wax in order to avoid solvent evaporation. The ternary 

solutions were made by adding 100µL of each solution in a separate vial to obtain 1:1:1 

volume ratio of each component. After mixing the active layer component solutions, the 

resulting solution was stirred for 1 h to ensure solubility. Before spin casting, both the 

solutions and glass slides were heated at 70°C for 15 min to ensure uniform films through 

hot spin-cast. The process was repeated for each derivative keeping the molar 

concentrations similar and the weight ratios consistent to obtain four different kind of 

thin film assemblies to measure UV- Vis of the resulting films.  
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4.2.3 Device Fabrication:  

Ossila Patterned ITO glass slides with 20 W/ square resistance were sonicated and 

cleaned in alkonox, milliQ water, acetone and isopropyl alcohol for 15 min each. The 

slides were dried very carefully with nitrogen after each sonication step and tested for the 

conductive side using multimeter before introducing them in to UV-Ozone chamber to 

ensure the treatment of the correct side. The cells were treated in UV-ozone chamber for 

20 min and were immediately spin-coated on a homemade spincoater using 70 µL of 

Ossila – Al 4093 PEDOT:PSS (~40 nm) outside of the glovebox. The slides were 

annealed at 120 ° C for 15 min to get rid of any water impurities. The slides were then 

immediately transferred to the glove box for active layer deposition. Three different 

solutions, P3HT (20 mg/mL), Porphyrin (20 mg/mL) and PCBM (20 mg/mL) were 

prepared in o-dichlorobenzene. Three solutions were mixed to obtain one ternary solution 

of 1:1:4 weight ratio to be used in the active layer. In order to obtain the above weight 

ratio, 20µL of P3HT solution was mixed with 20 µL of porphyrin solution and finally 

160 µL of PCBM was added and was stirred for 30 min at 75° C inside the glove box to 

allow proper mixing. The slides with PEDOT:PSS layer on them were annealed again for 

15 min before the hot spin cast in order to ensure the uniformity of layer. The spin-coater 

was set at 1000 rpm and 50 µL solution from the ternary blend was drop-casted for 60 s. 

This spin-coat step was repeated two more times to get a thick and dark active layer to 

make sure it generates enough excitons for J-V curve measurements.  
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Figure 4.1 (a) Ternary device assembly (b) mask used in evaporator chamber for Ca/Al (c) 
finished device (d) Ossila push-fit test board for measuring J-V curves 

 The cells were then introduced in the evaporator chamber using mask on top of 

the active layer to deposit 20 nm calcium layer at the rate of 0.1 Å /s under 7x10-6 mBar. 

The deposition rate was controlled by SPC deposition controller. Ca was evaporated very 

slow in order to make sure there are no rough patches of calcium on the slides. Figure 

4.1 shows the assembly of ternary device made and image of completed device before 

measuring J-V curve in Ossila snapfit board.  Lastly, the top contact aluminum was 

evaporated on top of the calcium layer in the evaporator inside the glove box under 7x10-

6 mBar pressure conditions keeping the first 20 nm evaporation rate at 0.1 Å /s and then 

increasing the rate of evaporation to up to 1 Å /s. The total thickness of aluminum layer 

evaporated was 100 nm. The initial slow evaporation of aluminum ensures uniform 

deposition to avoid recombination pathways in the device assembly. Each layer in the 
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organic solar cells has to be very critically engineered in order to obtain a smooth and 

uniform thin film to avoid shorting of the final device. 

The current density-voltage parameters of the final device were measured and 

plotted under conditions of AM 1.5 G simulated sun at an intensity of 100mWcm-2. The 

devices were measured using Ossila Push-Fit Test Board made for pixelated anode 

substrates. Both the dark and the light current curves were measured. Figure 4.2 shows 

the chemical structures of donor and acceptor materials used in the device fabrication.  
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Figure 4.2 Donor and acceptor materials used (a) butyl derivative (b) hexyl derivative (c) 
ethyl hexyl derivative (d) octyl derivative (e) PCBM (f) P3HT 

4.3 Results and Discussions:  

4.3.1 UV-Visible Absorption: 

 Thin films of P3HT:Porphyrin:PCBM blends were measured for their absorbance 

to check the contribution of porphyrin in the absorbance spectra as shown in Figure 4.3. 
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P3HT thin film absorption spectra ranges from 400-650 nm region with highest absorption 

at 520 nm and two shoulders in the absorption peak at 570 nm and 610 nm which could be 

attributed to ordered crystalline features in the film.90.  

 

Figure 4.3 Normalized thin Film UV-vis spectra of P3HT:Porphyrin:PCBM ternary 
blend 

 
Enhanced absorption because of the porphyrin in blended thin film is seen around 

425 nm which is believed to contribute to the photocurrent in the device . The shape of the 

peak at 425 nm matches with the original shape of the Soret peak in the pristine porphyrin 

derivate absorbance spectra.91,92 An additional peak due to the porphyrin in the P3HT will 

result in more excitons upon irradiation during the J-V curve measurement. The ratio of 

polymer to porphyrin has been kept 1:1 in this UV-Vis study and the overall ratio of the 

ternary blend has been kept at P3HT:Porphyrin:PCBM (1:1:4) for the device study.  
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4.3.2 Cyclic Voltammetry for Energy Band Diagram  

In order to make a working organic photovoltaic device, the most critical step is 

selection of material used as donor and acceptor in the active layer of the device. The 

active layer is where all the processes from exciton generation to charge separation takes 

place. In an organic semiconductor, HOMO energy level signifies the amount of energy 

required to take out valence electron from the outermost shell of a molecule.93 The 

energy level alignment of donor and acceptor material should be energetically favorable 

that encourages exciton dissociation so the charges can be extracted at the electrodes 

without recombination. Molecular electrochemistry techniques such as cyclic 

voltammetry helps to establish oxidation and reduction potential of organic materials and 

from there the HOMO and LUMO energies can be calculated. Oxidation potential 

corresponds to HOMO energy and reduction potential corresponds to LUMO energy 

level. In cyclic voltammetry, ferrocene is used as a known internal reference to calculate 

the redox potentials 

EHOMO = -e [Eox +4.4] ………………………..Equation 4.1 

ELUMO = -e [Ered +4.4] ………………………..Equation 4.2  

The difference between HOMO and LUMO energy levels is called band gapor 

energy gap. 94 In order to calculate the optical band gap of each derivative, the optical 

absorption was determined from the UV-visible spectra and converted into eV using 

following equation as cited.94 

E g= 1242/ l onset …………………………….Equation 4.3 

The cyclic voltammetry data for this study was provided by Dr. Angy Ortiz.95 All 

of the measurements were done on a Gamry potentiostat using a scan rate of 100 mV s-1 
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with 0.1 M solution of tetrabutylammonium hexafluorophosphate(TBAF6) supporting 

electrolyte in dichloromethane under N2. Two oxidation and two reduction peaks were 

observed in the CV scans of all the carboalkoxyphenylporphyrin derivatives as shown in 

Figure 4.4. 94,95 All four porphyrin derivatives show similar oxidation and reduction 

peaks and have very similar absorbance spectra in 10 µM solution of DCM. The 

absorbance spectra of the porphyrin derivatives in the solution was recorded to determine 

the optical band of the porphyrins as shown in Figure 4.5. The first onset of oxidation for 

the TCB4PP and TCH4PP are shown here and HOMO and LUMO levels have been 

calculated using ferrocene as the reference in above written equation. The band gap from 

CV measured values was calculated at 2.25eV for both TCB4PP and TCH4PP. The 

optical band gap for all the porphyrin derivatives was calculated at 1.89 eV.94  

 

Figure 4.4 Cyclic Voltammetry scan of TCB4PP, TCH4PP showing similar oxidation 
and reduction peaks in 0.1 M TBAPF6 in DCM 
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Figure 4.4 Cyclic Voltammetry scan of TCB4PP, TCH4PP showing similar oxidation 
and reduction peaks in 0.1 M TBAPF6 in DCM continued 

 

 

Figure 4.5 Normalized UV-vis Spectra of all porphyrin derivatives in dichloromethane  
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Figure 4.6 HOMO-LUMO levels of the active layer components derived from cyclic 
voltammetry 

Figure 4.6 shows the table with oxidation and reduction onset values to calculate HOMO 

and LUMO energy levels in carboalkoxyphenylporphyrin derivatives. This data was used 

to construct an energy level diagram of the active layer components, electron transport 

layer and the metal contact used in the solar cell devices. 

4.3.3 J-V Curve Measurements:  

OPV devices were fabricated using two donor materials and one acceptor 

P3HT:TCB4PP/TCH4PP/TCEH4PP/TCO4PP: PCBM as the active layer for all the 

porphyrin derivatives. The preliminary current density and voltage (J-V) curves were 

studied for the bulk-heterojunction devices under AM1.5 G conditions at 100 mWcm-2 
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intensity. Table 4.1 provides a summary of the short-circuit current density (Jsc), open-

circuit voltage (Voc) and fill-factor (FF) and the power conversion efficiency (η) of the 

best devices made from the ternary blends. The Jsc ,Voc  and FF of the solar cell device 

increased using the hexyl derivative (TCH4PP) but decreased significantly for ethylhexyl 

derivative (TCEH4PP) as shown in Figure 4.7.  

This increase in the Jsc and Voc could be linked to our previous exciton diffusion 

studies and GIWAXS/XRD-analysis conclusions. It was observed that as we increase the 

alkyl chain length on the meso-position of free base porphyrin there is enhancement in 

the exciton diffusion parameters except for the ethylhexyl derivative which had less 

favorable molecular orientation in the thin film assembly which contributes to more 

recombination rate.43 The Voc for all the derivatives except for the octyl derivative is very 

low indicating recombination pathways in the ternary active layers. However, Jsc 

increases as we increase the length of the alkyl group with TCEH4PP as an exception 

where branching is present. The increase in Jsc could be attributed to improved 

morphology for longer alkyl group derivatives which improves the crystalline domains in 

the hexyl and octyl derivatives. 
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Figure 4.7 J-V curve of ternary blend of ternary blended organic solar cells 
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Figure 4.7 J-V curve of ternary blend of ternary blended organic solar cells 
continued 
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Table 4.1 Solar cell efficiency data for P3HT: Porphyrin:PCBM devices. 

 
 Jsc (mA cm-2) Voc (V) FF h (%) 

P3HT:TCB4PP:PCBM 0.419 ± 0.23 0.41 ±0.02 0.22±0.01 0.04±0.02 

P3HT:TCH4PP:PCBM 5.4±0.60 0.39±0.01 0.29±0.01 0.62±0.06 

P3HT:TCEH4PP:PCBM 0.152±0.18 0.48±0.07 0.23±0.01 0.02±0.01 

P3HT:TCO4PP:PCBM 5.1 ±0.53 0.63±0.22 0.34±0.05 1.03±0.53 

 

The preliminary data for EQE spectra for the devices made from ternary blends of 

P3HT:PCBM:Porphyrin and P3HT:PCBM devices with no porphyrin was compared in 

order to see the contribution of porphyrin towards the photocurrent in the devices as 

shown in Figure 4.8. The preliminary data indicates a small peak observed in the ternary 

blend at 420 nm in the ternary blended devices which is absent in P3HT: PCBM devices. 

This added spectral feature of the porphyrin absorption present in the ternary blend which 

could be contributing to capture incoming photons in that region to increase the spectral 

response. Overall the efficiency of the ternary solar cells decreased when the porphyrin 

was added which could be attributed to lower charge carrier mobilities of the porphyrin 

molecules as compared to the P3HT present in the donor material. 
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Figure 4.8 EQE spectra of P3HT:PCBM and TCO4PP:P3HT:PCBM 

 

4.3.4 Grazing Incidence Wide-Angle X-Ray Scattering (GIWAXS) 

Grazing Incidence Wide Angle X-Ray Scattering is a unique technique used in 

thin films of porphyrins to probe monolayers of carboalkoxyphenylporphyrins films on 

the substrate. As the name suggests the GIWAXS is aimed at scattering the incidence 

beam in a specific way to get information about symmetry, d- spacing, crystalline 

domain, grain-boundaries etc.96 GIWAXS is often considered an extension of Grazing 

Incidence small Angle X-Ray Scattering (GISAXS). The 2D calibrated graphs shows 

ordering in the thin films in and out of plane. GIWAXS is often confused with GISAXS, 

the difference lies in the distance between sample and the detector. In GIWAXS the 

sample and detector are cm apart whereas in GISAXS the sample and detectors are in 

meters range. By bringing sample closer to the detector larger angular area of the plane is 

accessible.97 The spots have been explained from the paper published by Müller-
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Buschbaum.97 Figure 4.9 shows the calibrated 2D data obtained from the detector. This 

analysis was done at Diamond Light Source in UK. The GIWAXS insitu X-Ray 

scattering can provide an insight in to crystalline ordering and unit cell of the thin films 

of organic semiconducting materials. The GIWAXS with a 2 D area detector shows the 

reciprocal space information and is useful for our derivatives since they undergo very fast 

drying kinetics once the solutions have been spin-casted.98 For the GIWAXS data the 

glass slides were sonicated and treated with UV ozone  with an additional step of scribing 

at the back in order to cut the slides after spin casting. The final desired film dimensions 

were 1cm x 1cm and we were able to cut the films for the sample holder of GIWAXS 

instrument. The GIWAXS data were collected at Oxford University using I07 beamline 

with diamond light source. Beamline I07 is used to investigate and probe the 

nanosurfaces and interfaces of soft matter.99 The beamline operates at 8-30 keV and is a 

high-resolution diffraction beam at diamond light source (DLS). The other experiments 

that can be done on this beamline includes surface X-ray diffraction (SXRD), grazing 

incidence X-Ray diffraction (GIXRD), X-Ray scattering (GISAXS) etc.99 

The GIWAXS diffraction pattern was collected from TCB4PP, TCH4PP, 

TCEH4PP and TCO4PP to obtain the information about nature of crystalline domains on 

thin films. The well-defined Braggs peaks were seen in TCB4PP suggesting the lamellar 

packing of porphyrin molecules shown in Figure 4.8.  No visible offset of crystal was 

seen out of plane suggesting mostly ordered packing. Some of the lamellas standing 

vertical to the substrate with majority of them lying flat. The molecules arranged 

themselves in layers with both in and out of plane ordering.  
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In the GIWAXS data for TCH4PP, the diffraction pattern was seen suggesting 

more out of plane ordering assembly with some in plane crystallization. There is also 

some powdered ring features suggesting some texturing in these films. No peaks were 

seen at higher q values pointing towards large intermolecular spaces. Almost all of the 

lamellas are lying flat parallel to the substrate which very much coincides with the XRD 

data from Chapter 2.96  

TCEH4PP showed much more in and out of plane growth with diffraction peaks at 

higher q values suggesting large domain of vertically aligned lamellas like quasi-epitaxial 

growth. The crystal truncation rods are nearly vertical with a small angular smear at 

larger q values suggesting the TCEH4PP molecules are tilting away from surface of the 

substrate and appear to be mostly vertically aligned. 

TCO4PP has the most out of plane ordering than any of the derivatives and it is 

very similar to the TCH4PP with higher out of plane ordering as compared to rest of the 

derivatives. Some powdered rings were seen in TCO4PP similar to TCH4PP suggesting 

large intermolecular distance at low q values which could be attributed to the longer octyl 

chains causing various orientations relative to the surface of the substrate. 
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Figure 4.9 GIWAXS pattern for (A) TCB4PP, (B) TCH4PP, (C)TCEH4PP and (D)TCO4PP 

4.4 Conclusions:  

Ternary blended bulk-heterojunction devices have been fabricated using P3HT: 

Porphyrin:PCBM composition in the active layer where P3HT and porphyrin are acting 

as donor materials . The absorption and EQE spectra indicate that porphyrin is 

contributing in the photo absorption in the active layer of the devices. An improvement in 

device parameters and performance has been observed as the length of peripheral alkyl 
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chain in the carboalkoxyphenylporphyrin was increases symmetrically. However, 

introducing branching on the peripheral alkyl side chains made the devices significantly 

less efficient. GIWAXS data reemphasizes the fact how the porphyrin derivatives arrange 

themselves in a monolayer assembly. The porphyrin molecules TCH4PP and TCO4PP are 

oriented in face-on assembly or lying flat mostly parallel to the substrate whereas 

TCEH4PP molecules are laying vertical or end-on orientation at a certain angular tilt as 

compared to the surface of the substrate.   This could be attributed to undesired molecular 

packing and organization of peripheral branched alkyl chains in porphyrin derivatives. 

This work links our previous findings on exciton diffusion and molecular organization in 

these very derivatives, where enhanced exciton diffusion parameters were seen in 

porphyrin derivatives with longer and symmetrical peripheral alkyl groups. The exciton 

diffusion was more efficient in TCH4PP, TCO4PP as compared to TCEH4PP (branched 

alkyl chain derivative). Our findings in this chapter validates our previous hypothesis 

which relates power conversion efficiency and device parameters to exciton diffusion and 

hence to molecular organization and orientation in a thin film assembly. Porphyrin 

derivatives with longer PL decay lifetimes (ts) and exciton diffusion lengths (LD) have 

shown higher photocurrents and improved power conversion efficiencies. Our findings 

are an important step toward a deeper understanding of the exciton diffusivity and 

molecular packing relationship. 
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Chapter 5. CONCLUSIONS AND FUTURE WORK 

 
 

We have studied the singlet exciton diffusion coefficients for five different alkyls 

substituted carboalkoxyphenylporphyrins; TCB4PP (4-carbon), TCH4PP (6-carbon), 

TCEH4PP (branched 6-carbon) and TCO4PP (8-carbon) using time-resolved 

photoluminescent studies. We used the TCM4PP data to compare the longer alkyl chain 

derivatives to see the effect of increasing alkyl chain length. This study was also 

performed with porphyrin films quenched by PCBM using two different (0.06%, 00.2%) 

volume fractions. We see that the singlet exciton diffusion is sensitive to the length of 

alkyl chain on carboalkoxyphenylporphyrins as this changes the molecular packing and 

rearrangements in thin cast films. The diffusion lengths of these derivatives increase with 

increasing alkyl chain up to a certain number of carbon atoms and then decrease with 

branching. The exciton diffusion lengths for TCH4PP were longest because of the 

presence of homeotropic/nematic arrangements of porphyrin molecules in thin films as 

suggested by XRD peaks. TCH4PP showed the strongest exciton coupling owing to its 

homeotropic assembly in thin films whereas branched derivative TCEH4PP showed the 

shortest exciton diffusion lengths and exciton diffusivity. This could be explained from 

the peaks seen in XRD data in Chapter 2, which suggests more slip-stacked arrangement 

in this particular derivative. When compared with 1-carbon chain derivative TCM4PP, 

both TCH4PP (25 nm) and TCO4PP (21 nm) showed significantly longer diffusion 

lengths and photoluminescent lifetimes. This tells us that longer alkyl chain are affecting 

the exciton diffusion properties. However, it was seen that TCH4PP has the longest 

exciton diffusion length and TCO4PP had the longest lifetime with poor diffusivity. So, 
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we conclude here that TCH4PP is likely to be more suited for improving the efficiency of 

porphyrin based organic solar cells since it demonstrates most promising exciton 

diffusion properties amongst all the derivatives.  

    During our second project we studied the bilayer films of pristine thin 

porphyrin films with C60 evaporated on them. This study was performed using our three-

high performing (longer LD’s) porphyrin derivatives tetra (4-carbohexoxyphenyl) 

porphyrin (TCH4PP), tetra (4-carbo-2-ethylhexoxyphenyl) porphyrin (TCEH4PP), and 

tetra (4-carbooctoxyphenyl)-porphyrin (TCO4PP). The bilayer films with porphyrin: C60 

were constructed and annealed at 150 °C. The bilayer annealed and non-annealed films 

were tested for their photophysical properties. To study the effects of annealing on the 

molecular orientation of these derivatives, XRD, differential scanning calorimetry (DSC) 

experiments were performed. TCH4PP showed maximum quenching efficiencies for the 

above stated conditions at room temperature and upon annealing all the films at 150 °C, 

TCH4PP films showed greatest structural changes in XRD and in absorbance peaks as 

compared to TCEH4PP and TCO4PP. TCH4PP also showed decrease in quenching 

efficiencies upon annealing where as TCO4PP and TCEH4PP showed increased 

quenching efficiencies at elevated temperatures. Future studies for this chapter will 

include measuring PL decays.  

     We prepared bulk-heterojunction devices of ternary assembly P3HT and 

PCBM with our carboalkoxyphenylporphyrin derivatives, since the TCH4PP and TCO4PP 

have long exciton diffusion lengths, almost double the organic semiconductors currently 

used. The composition of P3HT:Porphyrin:PCBM used in the preliminary data used in 

this dissertation was 1:1:4. The preliminary data collected showed an increase in 
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photocurrent  as we went up two alkyl chains from TCB4PP to TCH4PP and TCO4PP 

except for the branched derivative TCEH4PP which showed decrease in current density 

and open-circuit voltage as compared to TCH4PP. This could likely be due to the 

molecular orientation and exciton diffusion study performed in Chapter 2 where we 

concluded that branching is not favorable for exciton diffusion pathways in thin films. 

The GIWAXS data of the thin films also suggests TCH4PP and TCO4PP molecules 

arrange themselves parallel to the surface of the substrate as compared to TCEH4PP 

molecules which showed angular tilt with respect to the substrate. The EQE spectra of 

P3HT:PCBM device was compared to the ternary blended devices with 

P3HT:Porphyrin:PCBM to examine the contribution of porphyrin to the photocurrent. A 

very small porphyrin peak was observed at 430 nm in the ternary blend device which 

indicated that porphyrin is contributing to the photocurrent in our ternary devices.  This 

study helped us validate our initial hypothesis of relating exciton diffusion parameters to 

the PV characteristics of organic solar cells engineered in a ternary cell assembly. 

In our future work, and in order to have better understanding of the porphyrin 

contribution, devices will be made where composition of P3HT and PCBM will be held 

constant and composition of porphyrin will be varied. This will help our efforts to 

understand the impact of varying compositions of porphyrins in the ternary blends.  This 

project will also be extended further to study the effects of thermal annealing on the 

power conversion efficiencies. Some preliminary absorption data has been collected on 

thermal annealing of the active layer at 100°C, but more structural and morphology data 

such as AFM images of the films will be measured in order to have better understanding 

of the effects of annealing on the surface of thin films.  
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 Recent work has demonstrated that annealing has improved the crystalline 

domains in some of the organic semiconductors resulting in improved charge mobilities 

and efficiencies of the devices. Hole mobilities of the ternary blended devices using 

P3HT: Porphyrin: PCBM will therefore be measured.23. Menke et. al. conducted a study 

on  calculating PL quenching while diluting donor layer (thickness) and making a bilayer 

assembly using the same concentration of acceptor.100 So far in this project, only the 

bulk-heterojunction device architecture has been evaluated. Therefore, we will also study 

the effect of increasing and decreasing the concentration of porphyrin derivative to study 

more closely the differences in bilayer and bulk heterojunction quenching. This approach 

is suitable for bilayer solar cell devices because of the use of molecular semiconductors 

with long LD’s, like the porphyrin derivatives reported in this dissertation. 
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APPENDIX-I  

1H N-MR of Carboalkoxyphenyl porphyrin Derivatives 
 

(a) TCB4PP 
 

 
 

1Η ΝΜR (300 ΜΗz, CH2Cl2, TMS, δ): 8.86 (s, 8Η), 8.44 (d, J = 8.0 Ηz, 8Η), 8.31 (d, J = 

8.3 Ηz, 8Η), 4.50 (t, J = 6.5 Ηz, 8Η), 1.90 (pnt, J = 7.0 Ηz, 8Η), 1.62 (sxt, J = 7.4 Ηz, 8Η), 

1.07 (t, J = 7.3 Ηz, 12Η), -2.84 (s, 2Η)  
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APPENDIX-II 

1H NMR of Carboalkoxyphenyl porphyrin Derivative 
 

(b) TCH4PP 

 

1Η ΝΜR (300 ΜΗz, CH2Cl2, TMS, δ): 8.86 (s, 8Η), 8.44 (d, J = 8.0 Ηz, 8Η), 8.31 (d, J = 

8.0 Ηz, 8Η), 4.49 (t, J = 6.6 Ηz, 8Η), 1.91 (pnt, J = 7.04 Ηz, 8  Η), 1.59 (m, 8Η), 1.43 (m, 

16Η), 0.96 (t, J = 7.0 Ηz, 12Η),  -2.84 (s, 2Η) 
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APPENDIX-III 

1H NMR of Carboalkoxyphenyl porphyrin Derivatives 
 

(c) TCO4PP 

 

1Η ΝΜR (300 ΜΗz, CH2Cl2, TMS, δ): 8.86 (s, 8Η), 8.44 (d, J = 8.3 Ηz, 8Η), 8.31 (d, J = 

8.5 Ηz, 8Η), 4.49 (t, J = 6.6 Ηz, 8Η), 1.91 (pnt, J = 7.2 Ηz, 8Η), 1.6-1.38 (m, 40Η), 0.91 

(t, J = 6.8 Ηz, 12Η),  -2.84 (s, 2Η) 
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APPENDIX-IV  

MALDI-MS of Carboalkoxyphenyl porphyrin Derivatives 
 

 (a) TCB4PP – Molar Mass 1014.5 g/mol 
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Instrument name: Voyager-DE
Plate type filename: C:\VOYAGER\100 well plate.plt
Lab name: PE Biosystems

Absolute x-position: 31813.9
Absolute y-position: 47560
Relative x-position: -253.606
Relative y-posititon: 252.492
Shots in spectrum: 50
Source pressure: 1.3e-006
Mirror pressure: 0
TC2 pressure: 0.01122
TIS gate width: 30
TIS flight length: 940
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APPENDIX-V  

MALDI-MS of Carboalkoxyphenyl porphyrin Derivatives 
 

(b) TCH4PP- Molar Mass 1126.6 g/mol 

 

  

Applied Biosystems Voyager System 1131

C:\Documents and Settings\VOYAGER\Desktop\WRG\MeeshaKK\TCHPPspot43_1MKK_140_withoumatrix 2500laserintensity_5Nov_0001.dat

Acquired: 15:35:00, November 05, 2015 Printed: 15:40, November 05, 2015

Mode of operation: Linear
Extraction mode: Delayed
Polarity: Positive
Acquisition control: Manual

Accelerating voltage: 20000 V
Grid voltage: 94%
Guide wire 0: 0.05%
Extraction delay time: 100 nsec

Acquisition mass range: 100 -- 2000 Da
Number of laser shots: 50/spectrum
Laser intensity: 2511
Laser Rep Rate: 3.0 Hz
Calibration type: Default
Calibration matrix: a-Cyano-4-hydroxycinnamic acid
Low mass gate: Off

Digitizer start time: 6.438
Bin size: 2 nsec
Number of data points: 11002
Vertical scale: 5000 mV
Vertical offset: 0%
Input bandwidth: 150 MHz

Sample well: 43
Plate ID: 100
Serial number: 1131
Instrument name: Voyager-DE
Plate type filename: C:\VOYAGER\100 well plate.plt
Lab name: PE Biosystems

Absolute x-position: 11240.5
Absolute y-position: 27368
Relative x-position: -506.981
Relative y-posititon: 380.482
Shots in spectrum: 50
Source pressure: 2.232e-007
Mirror pressure: 0
TC2 pressure: 0.007256
TIS gate width: 30
TIS flight length: 940
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APPENDIX -VI 

MALDI-MS of Carboalkoxyphenyl porphyrin Derivatives 
 

(c) TCEH4PP- Molar Mass 1237.2 g/mol 

 

 

 

 

 

 

Applied Biosystems Voyager System 1131

C:\Documents and Settings\VOYAGER\Desktop\WRG\MeeshaKK\Sample3_TCEHPP_Aug162018_0001.dat

Acquired: 12:56:00, August 16, 2018 Printed: 12:57, August 16, 2018

Mode of operation: Linear
Extraction mode: Delayed
Polarity: Positive
Acquisition control: Manual

Accelerating voltage: 20000 V
Grid voltage: 94%
Guide wire 0: 0.05%
Extraction delay time: 100 nsec

Acquisition mass range: 500 -- 5000 Da
Number of laser shots: 50/spectrum
Laser intensity: 3452
Laser Rep Rate: 3.0 Hz
Calibration type: Default
Calibration matrix: a-Cyano-4-hydroxycinnamic acid
Low mass gate: Off

Digitizer start time: 14.278
Bin size: 2 nsec
Number of data points: 15309
Vertical scale: 5000 mV
Vertical offset: 0%
Input bandwidth: 150 MHz

Sample well: 52
Plate ID: 100
Serial number: 1131
Instrument name: Voyager-DE
Plate type filename: C:\VOYAGER\100 well plate.plt
Lab name: PE Biosystems

Absolute x-position: 6539.2
Absolute y-position: 21652.4
Relative x-position: -128.299
Relative y-posititon: -255.111
Shots in spectrum: 50
Source pressure: 1.098e-006
Mirror pressure: 0
TC2 pressure: 0.01136
TIS gate width: 30
TIS flight length: 940
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4657.034061.671547.75 2736.66 4292.61952.16

2342.09 2935.08
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APPENDIX -VII  

MALDI-MS of Carboalkoxyphenyl porphyrin Derivatives 
 

(d) TCO4PP- Molar Mass 1237.5 g/mol 

 

 

 

 

 

 

 

Applied Biosystems Voyager System 1131

C:\Documents and Settings\VOYAGER\Desktop\WRG\MeeshaKK\Tcopp_cMM_AUG16_2018_0001.dat

Acquired: 11:26:00, August 16, 2018 Printed: 11:27, August 16, 2018

Mode of operation: Linear
Extraction mode: Delayed
Polarity: Positive
Acquisition control: Manual

Accelerating voltage: 20000 V
Grid voltage: 94%
Guide wire 0: 0.05%
Extraction delay time: 100 nsec

Acquisition mass range: 500 -- 5000 Da
Number of laser shots: 50/spectrum
Laser intensity: 3308
Laser Rep Rate: 3.0 Hz
Calibration type: Default
Calibration matrix: a-Cyano-4-hydroxycinnamic acid
Low mass gate: Off

Digitizer start time: 14.278
Bin size: 2 nsec
Number of data points: 15309
Vertical scale: 5000 mV
Vertical offset: 0%
Input bandwidth: 150 MHz

Sample well: 06
Plate ID: 100
Serial number: 1131
Instrument name: Voyager-DE
Plate type filename: C:\VOYAGER\100 well plate.plt
Lab name: PE Biosystems

Absolute x-position: 26860.1
Absolute y-position: 47435.4
Relative x-position: -127.395
Relative y-posititon: 127.932
Shots in spectrum: 50
Source pressure: 1.188e-006
Mirror pressure: 0
TC2 pressure: 0.00946
TIS gate width: 30
TIS flight length: 940
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2402.10 3968.521742.03 2078.53 3467.39 4298.92794.93 2213.67 2996.03 4643.192752.81 3843.303702.40 4456.751270.68 1931.171620.30 2602.55557.18 4097.571393.28 2876.05 3312.14 4763.29
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