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ABSTRACT
To increase the efficiency of organic photovoltaic (OPV) devices, a new material for the
polymer active layer was investigated. Using a standard bulk heterojunction polymer solar cell
consisting of an indium tin oxide (ITO) anode, poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) doping layer, Poly(3-hexylthiophene) (P3HT) donor
material in the active layer, and an aluminum cathode, the acceptor material in the active layer
was modified from the most commonly used [6,6]-phenyl-C-61-butyric acid methyl ester
(PCBM). Indene-C60 bisadduct (ICBA) was synthesized to compare device performance to that of
PCBM. The addition of electron withdrawing groups (EWGs) such as bromine to ICBA was also
evaluated to further study their effect on OPV efficiency. The synthesis mechanisms of ICBA and
bromo-ICBA were optimized in terms of temperature (180°C; 230°C), nitrogen purge pressure
(0.4 bar; 0.4 bar), and reaction time (>24 hours) in relation to yield (33%-37% ICBA; 22-28%
bromo-ICBA) and material degradation. For ICBA, an overall OPV cell efficiency of 3.87% was
achieved when tested in the Solar Simulator.
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Chapter 1
An Introduction to Polymer Photovoltaic Cells

1.1 Solar Energy Background
With an increasing global energy demand and a strong push toward renewable energy,
solar power has developed into a key player in the culmination of technologies currently being
researched to address these energy issues. When one thinks of solar cells, typically the first image
that comes to mind are the giant blue silicon panels comprising a house roof or lined up on a grid
in an open field (Figure 1-1).1 These silicon cells capture the sun’s energy and convert it to
useable energy to be used by the building or to be sent to the grid. This type of photovoltaic has
been the standard for commercialized solar cells for years. However, silicon solar cells have
significant limitations in terms of materials, cost, implementation, life-time, and efficiency.2

Figure 1-1. Commercialization of Silicon Solar Cells2
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1.2 Evolution of Solar Technology
Significant efforts have been made over the past four decades to optimize solar cell
power conversion efficiency (PCE) with respect to material and manufacturing cost. The National
Renewable Energy Laboratories (NREL) of the US Department of Energy has tabulated the
development of solar technology and publishes an annual report of high performance devices
(Figure 1-2). Multijunction cells, crystalline silicon cells, and thin-film technologies have existed
almost since the beginning of the age of solar technology and have become leaders in PCE, but
with limited stability and at a cost. It is for these reasons that interest in emerging photovoltaic
(PV) technology began occurring in the early 1990s. Specifically, organic PV (OPV) cells began
making their appearance in the early 2000s, with huge jumps in PCE over the past decade. For
example, the difference between Solarmer’s 6.8% world-record setting device in 2008 and
Mitsubishi Chemistry’s 11.1% device in 2013 indicated a 63% increase in PCE for emerging
OPVs over five years, which is a greater development than any other previous PV technology.3

Figure 1-2. Evolution of PV technology from 1976-2013 with respect to PCE3
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1.3 Background of Organic Photovoltaics
Organic photovoltaic devices make up the third generation of solar cell technology. They
represent a potential solution to the expensive and energy-intensive production of conventional
crystalline silicon and thin-film solar cells. OPVs are anticipated to have many advantages over
current solar technologies, including milder
processing conditions such as lower temperatures
and pressures, the potential to be manufactured by
ink-jet on a polymer substrate, roll-to-roll printing,
and unique characteristics such as being flexible and
lightweight. An example of an OPV cell is shown in
Figure 1-3.3

Figure 1-3. Image of an OPV cell3

The basic structure of an organic solar cell consists of a glass substrate, a conductive
oxide anode most commonly made of indium tin oxide (ITO), a dopant layer, a polymer active
layer made of materials with electron accepting and donating characteristics, and a metal cathode
most often made of aluminum (Figure 1-4).4

Figure 1-4. Diagram of OPV heterojunction device structure

OPVs use the polymer active layer as the primary method to capture photons and produce energy.
The mechanism of how an absorbed photon travels through the cell is shown in Figure 1-5.6
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Figure 1-5. Mechanism of creating energy in an OPV device

Sunlight first passes through the ITO/glass substrate to allow a photon to be absorbed by
the material in the polymer active layer. The absorbed photon excites an electron from the highest
occupied molecular orbital (HOMO) of the electron donating polymer (D) and moves it into the
donor’s lowest unoccupied molecular orbital (LUMO). This results in a tightly-bound positively
charged hole in the donor’s HOMO with a negatively charged electron in its LUMO, also known
as an exciton. The exciton is a particle that has a neutral net-charge and does not easily dissociate
into a free electron and hole. The electron in the exciton has the option to either migrate to the
LUMO of the electron accepting material (A) or to relax back into its ground state, releasing
energy in the form of radiative decay. The exciton must therefore reach the interface of the
acceptor in its lifetime before it decays back into the ground state for dissociation to occur.
Dissociation of the exciton into free negatively and positively charged particles only
occurs once the electron migrates to the LUMO of the acceptor material. It is at this point that the
charge transfer (CT) state is achieved. The electron can migrate to the metal cathode as the hole
migrates to the ITO anode, reaching the charge separated (CS) stage. If migration is restricted to
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the anode or cathode, then the free particles are susceptible to recombination, making the solar
cell ineffective.
Many of the inefficiencies associated with OPV devices are related to the speed at which
the particles can migrate through the polymer mediums compared to that of crystalline inorganic
materials. This is due to the difficulty for charges and particles to migrate within the active layer
and between the active layer and the respective
electrodes. Between the active layer and electrodes, a
dopant layer is added to increase contact between the
active layer and ITO substrate by reducing the energy
barrier and providing selectivity to the particles passing
through to the anode. The current doping layer used in
OPVs is poly(3,4-ethylenedioxythiophene)

Figure 1-6. Structure of PEDOT:PSS
doping layer material

poly(styrenesulfonate) (PEDOT:PSS), shown in Figure 1-6.7
Within the polymer active layer, the donating material in this case is the block-copolymer
Poly(3-hexylthiophene) (P3HT). The electron acceptor material most widely used is [6,6]-phenylC-61-butyric acid methyl ester (PCBM) because of its solubility in organic solvents, high electron
mobility, and high electron affinity. The major problem with using PCBM is its low absorption of
visible light, limiting its capabilities of absorbing photons, and the low energy of its LUMO. The
low energy of the LUMO in relation to its HOMO and the HOMO of the donor affects the
maximum voltage difference (VOC) between the anode and cathode. To address these issues, a
new acceptor material, indene-C60 bisadduct (ICBA), is being investigated. The structures of
donor material and both acceptor materials used in this research are shown in Figure 1-7.8-9
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Figure 1-7. Structure of OPV active layer materials (a) P3HT (b) PCBM and (c) ICBA

1.4 Purpose of Study
ICBA is not readily available to be purchased from chemical suppliers, and when it can
be found then it is at a less than desired purity and very expensive. For this reason, in-house
ICBA synthesis must be optimized. Additionally, by altering the indene functional groups on the
C60 molecule, it is hypothesized that the HOMO and the LUMO of the accepting material can be
altered to aid exciton dissociation. The synthesis of experimentally altered ICBA products needs
to also be explored for its potential implementation in future OPV devices. Specifically in this
research, the synthesis of integrating a bromine functional group on ICBA was evaluated to be
able to eventually understand its potential in affecting overall OPV cell efficiency. Bromine is
being investigated because of the availability of 7-bromo-1H-indene to synthesize a halogen onto
ICBA for comparison.
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Chapter 2
Indene-Fullerene Bisadduct in Organic Photovolatics
Indene-fullerene bisadduct (ICBA) is being introduced as a new electron accepting
material in the active polymer layer of OPV devices. ICBA is capable of being synthesized and is
soluble in many organic solvents, making it easily implemented in current bulk heterojunction
OPV technology. It has a higher LUMO than the traditional PCBM acceptor material. This higher
LUMO gives ICBA a larger VOC between the anode and cathode and results in the electrons being
more attracted to the metal cathode than the ITO substrate when compared to PCBM. It has been
shown that the overall performance of P3HT-based OPVs when using ICBA as the acceptor is
superior to those using PCBM.8

2.1 Reaction Mechanism of ICBA
Indene-C60 adducts are synthesized using indene and C60 as reactants undergoing a DielsAlder reaction. The reactants are dissolved in a 1,2,4-tridichlorobenzene solvent, which is used as
an intermediate to aid contact between the two molecules. The reaction takes place at very high
temperatures, greater than 214○C, to overcome the resonance induced stability of the molecules.
This synthesis results in three primary indene-C60 products: indene-C60 monoadduct (ICMA),
ICBA, and indene-C60 multi-adduct. The product of interest is primarily ICBA, after multiple
experiments using ICMA and versions of multi-adduct in solar cells showing less favorable
efficiency results. A diagram of the overall reaction mechanism is shown in Figure 2-1.
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Figure 2-1. Reaction mechanism of C60-Indene adducts

A Diels-Alder reaction occurs when a conjugated double bond attacks the double bond in
an alkene. Shown in Figure 2-1 above, heating the reaction induces indene to take on a particular
resonance structure so that the conjugated double bond attacks the double bond on the C60
molecule. The heating also makes the first step of the reaction shift to the right to favor the
intermediate. There are multiple configurations in which indene can attack the double bonds on
fullerene, which is why the synthesis results in multiple products. The ratio in which these
products are present in the end mixture depends on the favorability of stereochemistry from the
placement of the functional groups. ICMA and ICBA are the two most abundant products
resulting from the reaction. ICBA must be further isolated through chromatographic methods
driven by polarity differences.10

2.2 Bromo-ICBA as a Theoretical Improvement to ICBA
The primary use of functional groups on fullerene molecules is to create an electrophilic
environment within C60 that will more readily accept the donor material’s electron in the
excitonic state to promote dissociation. Electron withdrawing groups (EWGs) provide this desired
interaction. Bromine is an EWG, and when added onto the two substituents on ICBA, it removes
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the electron density from the fullerene system, making the fullerene component of the molecule
more electrophilic. The effect this has on the bromo-ICBA acceptor material is anticipated to not
only increase its desire to accept an electron in the excitionic state, but also increases the energy
of the LUMO in the acceptor material. This increase in the LUMO energy brings it closer to the
LUMO of the P3HT donor and thus can increase the Voc even further. A diagram comparing the
HOMOs and LUMOs of common acceptor material in relation to P3HT is shown in Figure 2-2.9

Figure 2-2. Comparison of molecular orbital energy between different polymer active layer materials

2.3 Theoretical Reaction Mechanism of Bromo-ICBA
The reaction mechanism for bromo-ICBA is very similar to that of ICBA, only using 7bromo-1H-indene (bromo-indene) in place of indene. A diagram of this mechanism is shown in
Figure 2-3.
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Figure 2-3. Diagram of the theoretical reaction mechanism of bromo-ICBA

In this mechanism, a different resonance structure of bromo-indene is achieved before the
Diels-Alder reaction occurs. The EWG nature of the bromine group may restrict the double bond
on the indene molecule from making the jump to fullerene. This may require a higher initial
reaction temperature or a longer reaction time. However, if the temperature is raised too high, the
bromine could also be susceptible to breaking off of the substituent or indene molecule. The
overall thermal stability of 7-bromo-1H-indene (257°C) is greater than or comparable to that of
indene (180°C) and other related bromo-organic structures (156-268°C), giving belief that the
synthesis should still be successful if temperature is raised. The crude end product is anticipated
to be a mixture of bromo-ICMA, bromo-ICBA, and bromo-multi-adducts, with potential different
isomers of the bromine on the substituent. Lower yields of these products are expected when
synthesizing bromo-ICBA.10
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Chapter 3
Experimental Materials and Methods
This experimental section explains the general procedure for synthesizing ICBA,
constructing OPV cells, and testing device performance.8 The general procedure for ICBA
synthesis was optimized and a section of results corresponds to this optimization. An additional
experimental section provides information relating to the deviations in bromo-ICBA synthesis
from the standard ICBA synthesis.

3.1 Procedure for Indene-C60 Synthesis
C60 (1.44 g) was weighed using a mass balance and added to a 500 mL round bottom
flask. Indene (liquid, 0.992 g/mL density, 4.667 mL) was measured with a pipette and also added
to the round bottom flask. 1,2,4-Trichlorobenzene (approximately 60 mL) was poured into the
reaction mixture as a solvent for the reactants. The components were covered in the flask with
aluminum foil and stirred for several minutes to ensure dissolution of the reactants for synthesis.
Once dissolved, the reaction solution was added to the experimental set up detailed in Figure 3-1.
Nitrogen line

Relief needle
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Rubber septum

Water exit

Condensers
Thermocouple

Water entrance
Reaction mixture in
round bottom flask

Oil bath

Hot plate/stirrer

Figure 3-1. ICBA Reaction set-up

In the reaction set-up, an oil bath was prepared by filling a bath container half full. The
oil bath was placed on the hotplate/stirrer combination. A condenser system was built from two
small condensers and plugged with a rubber septum. All glassware was greased with temperatureresistant grease to minimize the possibility of air leakages to avoid oxidation and the detrimental
effect that water has on degradation. The reaction flask was inserted into the condenser in the oil
bath. The flask and condenser were stably attached to a ring stand, lining the liquid level of the oil
bath just over the liquid level of the reaction mixture. A long needle with the nitrogen line and a
short relief needle were inserted into the rubber septum.
The reaction system was purged for 30 minutes using nitrogen (1.0 bar). The hotplate was
then turned on (335○C) to heat the oil to the desired temperature (220○C). This temperature was
monitored until the oil bath demonstrated stability within 3○C of the desired temperature. Once
stable, the nitrogen pressure was decreased (0.5 bar), and the system was allowed to react for at
least 24 hours from the stabilization point.
Once the reaction was complete, the hot plate was turned off
and the reaction mixture was allowed to cool to room temperature.
The reaction flask was removed from the set-up and was covered
with aluminum foil. Pure methanol (approximately 100 mL) was

Figure 3-2. Precipitation of
crude indene-C60 product
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added to the round bottom flask, precipitating out the indene-C60 adducts and turning the mixture
orange/brown, as shown in Figure 3-2. The mixture was swirled for several minutes until the
entire crude product was precipitated out.
The precipitated product was collected by vacuum filtration using a RotoVap vacuum
line. A small amount of pure methanol was poured onto the filter paper, and the vacuum was
turned on (900 mbar). Once all of the pure methanol passed and the filter paper was flush with the
crystalline filter, the precipitated crude reaction mixture was poured on the filter paper. To
increase the speed of filtration, the vacuum pressure was slightly lowered
(820 mbar). After all of the reaction mixture was filtered, the filtrate was
filtered an additional two times to ensure that a maximum amount of
crude product was collected. The reaction flask was rinsed with
methanol and filtered, and a small amount of methanol was also used to
rinse the crude product on the filter paper. The crude product cake was
scraped off of the filter paper and added to a vial, shown in Figure 3-3.
The vial with crude product cake was covered with aluminum

Figure 3-3. Filtered
crude product cake

foil and placed in a vacuum oven for drying. Vacuum was pulled for at least 24 hours, followed
by heating under vacuum (110○C) for an additional 24 hours. This was to remove any residual
water or oxygen that may have existed in the product. This crude product mixture contains
ICMA, ICBA, and indene-C60 multi-adducts.

3.2 ICBA Separation
The desired ICBA product had to be separated from the crude product mixture using
column chromatography. The progress of column chromatography was monitored by sampling
fractions using thin-layer chromatography (TLC). A small amount of crude product (CP) was

14
prepared for TLC by dissolving it in a small brown vial of chloroform. The rest of the dry crude
product was placed in a round bottom flask. Silica was added to the flask in a 1:3 product to silica
ratio. Chloroform (approximately 60 mL) was used to dissolve the crude product and silica
together to create an evenly distributed slurry. The chloroform was evaporated off using the
RotoVap. A large chromatography column was prepared by filling the column two-thirds of the
way with silica, ensuring that there were no cracks and that it was packed tightly and evenly for a
good separation. The dried slurry was added to the column, followed by a thick layer of sand
(approximately 1 inch). The column was prepared for mobile phase to be added.
A 10% toluene in hexane mobile phase (approximately 2 L) was prepared for the column.
A small amount of this was set aside in a TLC jar. The stopper of the chromatography column
was opened, and the mobile phase was added to begin running the column. It was important to
continuously add mobile phase to the column to prevent it from “running dry”. As the column
ran, ICMA, ICBA, and the multi-adduct products could be clearly identified by component bands
(Figure 3-4).

Figure 3-4. Column chromatography separation for ICBA

Fractions were collected in 150 mL Erlenmeyer flasks as appropriate. Larger amounts of fractions
were collected when it could be assumed the component was pure. Smaller fractions were taken
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when transitioning between components for frequent TLC analysis. There were five primary
different TLC results expected from the column fractions. Diagrams of product purity from TLC
analysis are shown in Figure 3-5.

Figure 3-5. Diagrams summarizing TLC analysis results

Fractions with no marking in the sample lane were assumed to contain all solvent and no
product component and were discarded. Fractions such as (2) and (4) in Figure 3-5 were also
discarded for showing product mixture impurity. Fractions showing pure ICMA, ICBA, and multi
components were combined and added to a round bottom flask. The toluene and hexane were
evaporated off using the RotoVap. When a small amount of liquid component was left, it was
transferred into a vial for the RotoVap to finish evaporating solvent. This procedure was repeated
for all three of the product components. The three vials containing pure products were placed in
the vacuum oven for 24 hours of vacuum pulling followed by 24 hours of vacuum heating
(110○C). Once dried, the ICBA was ready for use. Vials were sealed and stored in a chemical
freezer to keep fresh.

16
3.3 Deviations of Bromo-ICBA from ICBA Synthesis and Separation
While bromo-ICBA has a very similar Diels-Alder reaction mechanism as ICBA, certain
alterations were performed in the synthesis due to high reactant cost and anticipated lower yields.
The reactions were scaled to one fifth of the ICBA synthesis described in section 3.2, meaning
1.00 g (liquid, 0.688 mL) of 7-bromo-1H-indene was used. Once the bromo-ICBA synthesis was
shown to be successful, it was scaled up to three fifths of the ICBA synthesis. The temperature
was gradually increased over the number of performed reactions to optimize the yield while
preventing significant product degradation.

3.4 OPV Device Construction
A mixture of ICBA and P3HT (20 mg/mL) in a 1:1 ratio was prepared for the polymer
active layer. ICBA (10.0 mg) and P3HT (10.0 mg) were individually weighed using a mass
balance and added to a vial. Chlorobenzene (1.0 mL) was added to create the active layer
solution. The solution was stirred overnight to ensure dissolution.
Glass substrates with an ITO surface were purchased for OPV construction. These
substrates were scrubbed with soap and water to remove any particles on the surface. The washed
substrates were dried with a filtered airline and placed in a beaker filled with acetone covering the
cell. The beaker with substrates was wrapped in aluminum foil and sonicated for 10 minutes. The
acetone was then removed and replaced with isopropyl alcohol. The beaker with substrates was
sonicated for an additional 10 minutes. The beaker and substrates were dried, placed in aluminum
foil, and allowed to dry in an oven overnight. Once dry, the substrates were placed in a UV
cleaner with the ITO surface on the top for 10 minutes. They were finally placed in a fourcompartment, labeled petri dish for easy identification.
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Each substrate was placed in the spin coater with the ITO surface facing up. A filtered
syringe was filled with PEDOT:PSS (approximately 250 μL). The spin coater was set to 1000
rpm for 60 seconds. Two drops of PEDOT:PSS were discarded while three drops were added to
the ITO surface. The cell was heated on a hot plate (165○C) for 10 minutes before being brought
into the glove box. The glove box was necessary for the rest of the procedure because of the OPV
device’s sensitivity to oxygen at this point.
The P3HT/ICBA active layer was spin coated onto the cells in the glove box. The active
layer solution (0.250 mL) was added to the cell. The spin coater was set at 1000 rpm for 60
seconds. The cells were then placed in the evaporator for a layer of aluminum (0.750 kÅ) to be
added on top of the active layer. THC was used to remove a small amount of polymer active layer
to expose a thin strip of ITO. Silver was carefully painted on top of the bare ITO. The cells were
annealed on a hot plate (165○C) for 10 minutes. A finished OPV device is shown in Figure 3-6.
The finished devices were tested by the Solar Simulator to evaluate PCE.

Figure 3-6. Finished P3HT/ICBA OPV device
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Chapter 4
Results and Discussion
The experimental results from the synthesis reactions were deduced by a number of trialand-error experiments altering reaction parameters as necessary to achieve maximum product
yield. The reactions were shown to be sensitive to the lab environment and equipment used. The
optimal operating conditions for the reactions are not reported as graphs or correlations, but rather
on the basis of in-house synthesis capabilities.
For the ICBA reaction synthesis, the base synthesis parameters were determined from
Journal of the American Chemical Society’s article “Indene-C60 Bisadduct: A New Polymer
Acceptor for High-Performance Polymer Solar Cells”. These parameters were investigated and
optimized. A summary of the constant reaction parameters for both synthesis and column
chromatography separation of ICBA are shown in Table 4.1 below.
Table 4-1. Constant parameters for ICBA synthesis and separation
Indene-C60 Synthesis
Mass of indene

4.63 g

Mass of fullerene

1.4399 g

Vacuum filtration pressure

900-820 mbar

Vacuum dryer temperature

110°C

ICBA Separation
Mobile phase

10%-20% Toluene in Hexanes

TLC mobile phase

10% Toluene in Hexanes

Components collected

ICMA, ICBA, Multi-adduct

Vacuum dryer temperature

110°C

These parameters are consistent with those explained in the experimental methods. The
operating conditions for the reaction itself were critical to optimize. A summary of the optimal
operating conditions and yield results for ICBA synthesis are summarized in Table 4.2.
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Table 4-2. Optimized reaction operating conditions and yield results for ICBA synthesis
Indene-C60 Synthesis
Nitrogen purge pressure

1.0 bar, 0.5 bar after stabilization

Temperature

180°C

Reaction time

>24 hours

ICBA Yield

33%-37%

To achieve maximum product yield, the primary operating parameters under
consideration were nitrogen purge pressure, reaction temperature, and reaction time. Out of these,
the parameters that were found to be the most influential on product degradation were nitrogen
purge pressure and temperature. If the purge pressure was too high, then the nitrogen cylinder
was at risk of running low before the reaction was complete. If the purge pressure was too low,
then water and oxygen would be present in the reaction mixture and degrade the product. If the
temperature was too high, it would char the C60, and no reaction would occur.
Examples of pure samples of ICBA and multi-adduct by TLC analysis are shown in
Figure 4-1. The plates were analyzed per procedure using a UV light to show the markings. The
migrated samples were marked for viewing by naked eye.

Figure 4-1. TLC plate for pure (a) ICBA and (b) multi-adducts

In addition to the TLC plate analysis, NMR data for ICBA was collected to ensure purity
of components were as expected. NMR data for 97% pure ICBA is shown in Figure 4-2.8
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Figure 4-2. 1H NMR spectrum for ICBA8

The 1H NMR spectrum shows the presence of the following peaks: 7.8-7.0 (m, 8H),
2.35(s, 2H), 1.52 (s, 2H), 1.25 (s, 2H), 0.93 (s, 2H).8 The 8H correlates with the protons involved
in resonance on the indene substituent, while the additional peaks indicate the additional
symmetrical hydrogens on the molecule.8
The ICBA material produced under these operating conditions was used to produce OPV
devices.11 The overall power conversion efficiency (PCE) was evaluated with respect to
maximum current density (Jsc), Voc, and fill factor (FF). A comparison of these values between
ICBA, PCBM and ICMA is shown in Figure 4-1. A summary of the results for ICBA is shown in
Table 4.3.11

Figure 4-3. Solar cell tested parameters for PCBM, ICBA, and ICMA11
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Table 4-3. OPV device performance using ICBA as the active layer acceptor
P3HT:ICBA OPV device
JSC

7.6 mA/cm2

VOC

-0.84 V

FF

0.630

Cell Efficiency

3.87%

The overall OPV device performance using ICBA as the polymer active layer acceptor
(3.87%) was significantly better than the average range of values of cell efficiency using PCBM
(3.56%).11 This is due primarily to the larger VOC when using ICBA and lower fill factor and JSC.
These results indicate that the LUMO of ICBA may be higher than that of PCBM, which is what
increases the VOC and cell efficiency. This hypothesis will be investigated using a more diverse
range of ICBA in the future, including the bromo-ICBA synthesized in this thesis.
The basis for the reaction parameters for bromo-ICBA synthesis was scaled from the
general ICBA synthesis. As mentioned in the experimental methods, the bromo-ICBA synthesis
was scaled down due to current availability and cost of 7-bromo-1H-indene. The separation
parameters remained constant to isolate ICBA or bromo-ICBA. The constant reaction parameters
for bromo-ICBA synthesis are summarized in Table 4-4.
Table 4-4. Constant parameters for bromo-ICBA synthesis
Bromo-Indene-C60 Synthesis
Mass of 7-bromo-1H-indene

1.00 g

Mass of fullerene

0.311 g

Vacuum filtration pressure

900-820 mbar

Vacuum dryer temperature

110°C

The reaction operating conditions were also optimized for bromo-ICBA synthesis. A
summary of the optimized reaction conditions is shown in Table 4-5.
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Table 4-5. Optimized reaction operating conditions and yield results for ICBA synthesis
Bromo-Indene-C60 Synthesis
Nitrogen purge pressure

1.0 bar, 0.5 bar after stabilization

Temperature

230°C

Reaction time

>24 hours

Bromo-ICBA Yield

22%-28%

The primary differences between ICBA and bromo-ICBA synthesis are in the operating
temperatures and yield. Bromo-ICBA must be reacted at a higher temperature to achieve
comparable yields to ICBA. This is because the bromine on indene acts as an EWG, pulling
electron density, and resisting the conjugated double bond on the indene to make the jump to
fullerene. When operated at the same reaction condition of ICBA, a purple band component
shows in the column chromatography because of the large presence of unreacted C60. The lower
yield is also a result of this phenomenon. Depending on OPV device performance using bromoICBA as the polymer active layer acceptor, the lower yields and higher synthesis temperature of
bromo-ICBA may be worth the potential increase in PCE.
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Chapter 5
Conclusions and Future Work
The reaction process for synthesizing ICBA and bromo-ICBA was optimized to
maximize product yield while minimizing material degradation. The optimal temperature
(180°C), nitrogen pressure (0.4 bar), and reaction time (>24 hours) were determined for the ICBA
synthesis giving product yields ranging from 33% to 37%. Solar cells using the synthesized ICBA
showed good OPV device performance, achieving an overall cell efficiency of 3.87%.
Bromo-ICBA synthesis was also optimized similar to ICBA, giving an optimal
temperature (230°C), nitrogen pressure (0.4 bar), and reaction time (>24 hours). The yields
achieved in bromo-ICBA synthesis were slightly lower than those of pure ICBA, ranging from
22% to 28%. The higher temperature and lower yields in bromo-ICBA is related to the bromine
on 7-bromo-1H-indene being an electron withdrawing group and resisting the Diels-Alder
reaction with fullerene.
Because the bromo-ICBA synthesis was able to be achieved, it would be important to
characterize the molecules to see if the desired purities were achieved. This characterization can
be performed though NMR and IR. Once the molecules are characterized, OPV devices can be
made to see if the hypotheses about obtaining a higher Voc and cell efficiency are consistent with
data.
Beyond this, individual fractions of pure ICBA and bromo-ICBA can be separately
collected and evaluated based on device performance to see if there are different attachment
configurations in the bisadduct structure and how this affects the LUMO energy level.
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