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ABSTRACT OF DISSERTATION

NOVEL SOLUTION PROCESSABLE ACCEPTORS FOR ORGANIC PHOTOVOLTAIC
APPLICATIONS
The field of organic electronics has become an increasingly important field of research in
recent years. Organic based semiconductors have the potential for creating inexpensive,
solution processed devices on flexible substrates. Some of the applications of organic
semiconductors include organic field effect transistors, organic light emitting diodes and organic
photovoltaics.
Functionalized pentacenes have been proven to be viable donor materials for use in
organic photovoltaic devices. The goal of this research is to synthesize and test the viability of
novel electron deficient pentacenes and pentacene based materials as acceptors to be used as
drop-in replacements for PCBM in bulk-heterojunction organic solar cells.
Our goal was to tune and improve the efficiencies of these solar cells in a two pronged
approach. First we tuned the open circuit voltage of these devices by determining the optimal
energy levels of these acceptors by varying the number of electron withdrawing substituents on
the acene core. We also tuned the short circuit current by chemically altering the solid state
packing and optimizing device processing conditions. A preliminary structure-property
relationship of these small molecule acceptors and photovoltaic device efficiency was
established as a result.
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Chapter 1 Introduction
1.1 Solar Power
Increases in global energy consumption and the steady depletion of available stockpiles
of energy in the form of petroleum, coal and natural gases have made renewable energy
sources such as wind, solar, and geothermal more attractive in recent decades. Each day, an
enormous amount of energy reaches the earth in the form of solar energy from the sun.
According to the U.S. Department of Energy’s National Renewable Energy Laboratory (NREL)
Resource Assessment Program, the state of KY receives an average of 4-5 kWh/m2 per day of
solar radiation based on data collected between 1961 and 19903. Capturing even a small
portion of this solar energy with photovoltaic (PV) cells has great potential towards satisfying
growing global energy needs.
Photovoltaic devices are those that convert energy in the form of light to electrical
energy via the photovoltaic effect. If the incident light source is the sun, then these
photovoltaic devices are termed solar cells. The vast majority of solar cells that are currently
commercially available are constructed from silicon. While these photovoltaic devices are
relatively efficient at around 15% to 20% power conversion efficiency, the high cost of the initial
investment makes them economically challenging for the general population to utilize. For
example, a polycrystalline silicon Sharp ND130UJF 130-Watt Solar Module Panel sells for
$539.50 each from the popular web retailer Amazon.com in August of 2010. Each 30 pound
0.99 m2 panel is around 13% efficient under standard testing conditions, producing a maximal
power output of 130W, according to manufacturer’s specifications4. An average American
household consumed 27,813 kWh of energy for household appliances, lighting and
heating/cooling in the year 20055. To offset a significant portion of this energy use, around 5-10
panels should be purchased to make a sizeable contribution to the overall home energy usage.
An initial monetary investment of $2,500 to $5,000 plus installation cost is quite high compared
to the annual average American household electricity expenditure of $1,123 per year in 20056.
Furthermore, the processing and refinement of sand into semiconductor grade silicon for use in
solar cells via methods such as the Czochralski process is costly as well as an enormous emitter
of carbon dioxide, a greenhouse gas.
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1.2 Organic Electronic Materials

The discovery of conductive organic polymers in the late 1970s by Shirakawa, Heeger
and MacDiarmid,7 for which they were awarded the Nobel Prize in Chemistry in 2000, gave rise
to the then novel field of organic electronics in which the semiconducting materials are carbon
based rather than inorganic. Organic photovoltaic devices, in comparison to silicon based ones,
are particularly cost effective with novel commercial applications available in the form of
flexible, lightweight devices that are extremely portable. Although efficiencies are significantly
lower in organic devices than silicon ones – 2% versus 15-20% for current commercially
fabricated devices, the extreme low cost of fabrication of organic photovoltaic devices make
them an attractive and viable alternative to silicon. This low cost of fabrication comes from the
ability of organic photovoltaics to be solution processed using methods such as low temperature
ink jet or reel-to-reel printing, spin coating or spray coating.
1.3 Organic Photovoltaics
Photovoltaic cells are essentially semiconductor diodes, in which the semiconducting
material absorbs incoming radiation in the form of photons and converts them to electron-hole
pairs. If the incident photons are frSom the sun, then the photovoltaic device is termed a solar
cell. Silicon photovoltaic
devices utilize the p-n junction
between p-doped and n-doped
semiconducting silicon to
generate electricity from the
photovoltaic effect8. After
exposure to light, if the incident
radiation energy is of equal or
greater value than the band gap
of the material, the photon can
be absorbed by the material and
an electron-hole pair is generated

Figure 1.1 Charge carrier dissociation and
propagation

from the incident energy. In the
case of crystalline silicon, the band gap value of 1.1 eV corresponds to EM radiation of 1127 nm.
2

The electron-hole pairs generated after photon absorption are mobile and their movement by
diffusion from areas of higher to lower concentration generates an electrostatic field over the pn junction that then allows the device to behave as a diode.
Light conversion in organic solar cells, specifically the bulk heterojunction (BHJ) solar
9

cell is a multistep process analogous to the process in silicon PV cells. As organic
semiconductors are not strictly p-doped or n-doped for optimal conduction of only holes or
electrons, organic photovoltaics (OPV) do not utilize p-n junctions. In fact, a number of organic
semiconductors are ambipolar.10 Instead, the active materials used in BHJ solar cells are termed
“donor” and “acceptor” to refer to the electron donor and the electron acceptor. When an
incident photon of the correct wavelength is absorbed by the donor, an electron-hole pair
(exciton) is generated. That is, an electron is promoted into the LUMO and a hole is left behind
in the HOMO. Light absorption is a materials property depending on the absorption coefficient
of the material as well as the thickness of the material.
While crystalline silicon and other inorganic photovoltaic materials have electronic band
structures and delocalized electrons, organic photovoltaic materials do not. Excitons in organic
semiconducting materials are strongly bound in comparison, with energy levels between 0.1 and
1.4 eV11. Electronic wavefunctions in conjugated organic semiconducting materials are more
localized, and there is a weaker electronic delocalization in neighboring molecules. Electrostatic
attraction can keep the exciton bound as an electron and hole pair. Because exciton binding
energy is higher in organic materials than in crystalline silicon, the electron-hole pair that is
generated is bound together and cannot dissociate into free charge carriers until it reaches a
heterojunction where the donor and the acceptor materials are in contact and there is a
significant potential drop between the material LUMOs. It is estimated that exciton binding
energy in conjugated organic materials is on the order of 200-500 meV12 and the potential
difference between the donor and the acceptor LUMOs must be at least as much as the exciton
binding energy for exciton dissociation. The mobility of excitons up to the heterojunction is
primarily diffusion based, and the lifetime of the exciton as well as the exciton diffusion length
affects whether or not the exciton will separate into useful charge carriers.
At the heterojunction, the electron-hole pair can dissociate; the electrons in the LUMO
of the donor hop to the LUMO of the acceptor, while the holes remain in the HOMO of the
donor. Holes are collected by the higher work function electrode and electrons are collected by
3

the lower work function electrode (Figure 1.1). The electricity generated is in the form of
direct current. A DC to AC converter is necessary before the electricity can be used for many
household appliances.
Organic semiconductors are extended π-conjugated polymers, oligomers and small
molecules that consist of alternating pi and sigma bonds. These materials are chemically
tunable to give a variety of different properties depending on the intended use of the material.
One significant advantage is, as mentioned earlier, the ability to solution process organic
semiconductors. Another advantage is that the substrates that these materials can be coated
onto are not limited to aluminum backed glass as is the case with crystalline silicon based PV
cells. A number of flexible and lightweight substrates such as plastics can be the backbone for
OPVs, allowing for greater mobility and a broader range of applications other than rooftop solar
panels. The technology is still in developmental stages and improvements in efficiency to
upwards of 10% are necessary for the industry to successfully take off13.
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1.4 Photovoltaic Efficiency
The overall power conversion efficiency of a PV cell (η) is defined as the percent of
power converted from absorbed light into electrical energy. η is obtained as a percentage by
dividing the maximum power point (Pm) by the incoming incident radiation that strikes the
surface of the cell (E in units of W/cm2) and the surface area (A in units of cm2) of the cell.

The maximum power point (Pm) is the point at which voltage (V) and current (I) are
maximized, and can be expressed as follows:

Other factors that measure efficiency include the fill factor (FF) of a cell. FF is defined as
a percentage of the actual maximum power that is obtained (Pm) by the cell compared to the
theoretical maximum. The theoretical maximum is the open circuit voltage (Voc in units of V)
multiplied by the short circuit current density (Jsc in units of mA/cm2). On a typical I-V curve of a
solar cell, the FF is represented as a square based on the maximum power point in the curve in
the fourth quadrant (Figure 1-1). The squareness of the fill factor depends on the slope of the
curves to either side. The slopes of the curves that determine FF are affected by the series
resistance and the shunt resistance of the device. In the current-voltage (JV) curve, the inverse
slope of the curve as it crosses the x-axis (voltage) gives a rough estimate of series resistance or
the internal resistance of the cell (refer to Figure 1.2). At this point, the cell is roughly ohmic,
and resistance is just V/I (Ohm’s law). If the slope is steep, then the series resistance is low and
the fill factor is high in what is sometimes referred to as having a “square fill factor”. The
inverse of the slope where the curve crosses the Y-axis (current) gives a rough estimate of shunt
resistance. Shunt resistance is the resistance parallel to the PV cell, and describes loss of
generated current (charge carriers) by any means other than capture by the electrodes. For
example, if the PV cell is a diode and a wire is connected to the diode in parallel and the
resistance of the wire is infinite, then no current is lost due to shunt resistance. But if this
resistance has a value, some current will flow through the wire that is in parallel and be lost.
Ideally, the series resistance should be low, and the shunt resistance should be high.
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In a BHJ solar cell, FF is an interface property of the cell. To maximize FF, the device
must maximize shunt resistance by minimizing charge carrier recombination in which the
electron-hole pair recombines after being formed instead of being used to generate a
photocurrent. An ideal interface in a BHJ solar cell is one where the donor and the acceptor
maximize surface area with one another, but retain percolation pathways to the electrodes.

The open circuit voltage (Voc) is the maximum V across the cell when the circuit is open,
or when no current is flowing. In traditional solar cells, Voc is determined by the difference in
work function of the cathode and the anode. In bulk-heterojunction organic cells, this is a
molecular property of the materials used, and the maximum theoretical Voc is the difference
between the HOMO energy of the donor and the LUMO energy of the acceptor13.
The short circuit current density (Jsc) is the maximum current that can be generated by
the PV cell when the circuit is shorted, or when the circuit has no external load or resistance. In
BHJ solar cells, Jsc is a bulk materials property. Materials that absorb a broader swath of the
solar spectrum and materials with morphology that offers maximized charge carrier diffusion
pathways of matching exciton mobilities will give higher J sc.
The power conversion efficiency is thus calculated by these easily measurable
parameters. To maximize efficiency, an ideal set of PV materials must give high V oc, Jsc and a
square fill factor that is as close to 1 as possible.

6

Figure 1.2 Sample IV curve of P3HT/PCBM BHJ solar cell
Under ideal circumstances, all incident photons that strike the surface of a PV device will
generate an electron-hole pair. However, sometimes the photon that strikes the surface of the
cell is of insufficient energy or it is simply reflected off of the surface due to the angle of striking
and as a result, some solar energy that could be captured is lost. In other cases, loss of energy
comes from electron-hole pair recombination prior to reaching the electrodes, or from defects
in the semiconducting materials that trap charge carriers.
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Figure 1.3 Sample EQE of a P3HT/Pentacene BHJ solar cell
To quantify these losses, the efficiency of a PV device can also be measured by the
quantum efficiency (QE), also called incident photon to electron conversion efficiency (IPCE). QE
is the ratio of the amount of charge carriers collected by the cell to the number of photons of a
certain wavelength that shine on the device. The ratio of the number of charge carriers
collected to the number of photons of a set wavelength that shine on a PV device from the
outside is termed the external quantum efficiency (EQE). The ratio of the number of charge
carriers collected to the number of photons that actually are absorbed by the device is called
the internal quantum efficiency (IQE). A high EQE can indicate that a large amount of light was
absorbed, and a high IQE can indicate that the solar cell can internally make good use of the
photons absorbed without significant charge carrier recombination.
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Figure 1.4 Sample EQE of a P3HT/Pentacene BHJ solar cell
1.5 Organic Photovoltaic Device Architectures
There are several different types of organic solar cells, including dye-sensitized solar
cells, single layer and bilayer plastic solar cells, and bulk-heterojunction solar cells. Dye
sensitized solar cells were first discovered by Grätzel in 1991. 14 In a Grätzel cell, exciton
generation and charge carrier propagation are delegated to two separate entities in the cell. A
photosensitive dye on a porous TiO2 scaffold generates excitons upon exposure to sunlight, and
electrons are propagated through the TiO2 scaffolding to the electrode. Both the dye and the
TiO2 semiconductor are bathed in an electrolyte solution that regenerates the dye. Dye
sensitized solar cells suffer from the fatal problem that the cell is a liquid encased in a solid
outer shell. Under outdoor sunlight and warm temperatures, liquid expansion in a closed
system due to increased temperatures could cause the encapsulation of the cell to eventually
rupture and leak. The long term stability of these cells is still a problem for widespread use of
these PV cells.
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Single layer solar cells are simple in
architecture, having just a single layer of
semiconductor material between two
electrodes. The driving force for charge
carrier separation is the electric field
established across the device as a result of
differences in work function between the
two electrodes. However, in single layer
devices, excitons have problems dissociating
and drifting to the electrodes. 15 A single
layer PPV solar cell had quantum efficiencies
less than 1% under 0.1mW/cm2 light
intensity16. In a single layer solar cell,
exciton dissociation only occurs at the interface of
Figure 1.5 PEDOT-PSS

the cathode and the semiconducting material.
In bilayer plastic solar cells, donor and

acceptor materials are deposited on top of one another in discrete layers. The earliest bilayer
organic solar cell, prepared by Tang in 198517 was able to achieve a 1% efficiency using copper
phthalocyanine (CuPc) 1 and a
perylene tetracarboxylic derivative
2 as the donor and acceptor. This
increase in efficiency over single
layer solar cells is due to the
addition of an electron transport
material layer. Due to the energy
offset band between the electron
and hole transporting materials,
exciton diffusion is much more
efficient than in single layer cells.
However, the drawback to this cell
Figure 1.6 BHJ solar cell device architecture
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architecture is that the thickness of

the cell is governed by the exciton diffusion length of the semiconductors (10 -20 nm). The first
Tang solar cell had an active layer that was only 800 Å thick, which is much larger than the
exciton diffusion lengths of the materials. As a result, only a small fraction of excitons generated
by this cell could reach the heterojunction interface between donor and acceptor. Thicker
active layers are prone to massive charge carrier recombination. But, excessively thin films of
active layers minimize the capture of incident solar radiation, and thus have low J sc and overall
efficiency. To rectify this problem, bulk heterojunction solar cells were designed.

Figure 1.7 Examples of conductive donor polymers
1.6 Bulk
Heterojunction Solar
Cells
In bulk
heterojunction (BHJ)
organic solar cells, the
donor and the acceptor
7
Figure 1.8 PCBM

materials are intimately
mixed with one another before

Figure 1.9 P3HT

being placed between two

electrodes. This system is designed to maximize the surface
area between the donor and the acceptor for better charge carrier separation. The idea is that
the distance between heterojunctions is less than that of the exciton diffusion length. This is
11

achieved by the thorough mixing of donor and acceptor. At the same time, the mixing of donor
and acceptor cannot be to such a degree that the two have no discrete phases with direct
percolation pathways to the electrodes. There are several different ways to control the phase
separation of donor and acceptor to achieve a higher efficiency cell and this will be discussed in
detail in the following pages. A typical BHJ cell consists of several layers. At the bottom is the
supporting material, typically glass, coated with indium tin oxide (ITO), a widely used
transparent conductive material that serves as the anode. Over the ITO is coated Poly(3,4ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) 3 which is a nearly transparent,
water soluble conjugated polymer that serves to improve the interface between ITO and the
active layer. The active layer consists of a mixture of both the donor and the acceptor mixed
evenly together. Finally the cathode, usually aluminum or silver, serves as the back electrode
(Figure 1.6).
The first BHJ solar cell was first
demonstrated in 1995 with poly(2-methoxy-5(2'-ethylhexyloxy)-1,4-phenylene vinylene)
(MEH-PPV) 4 and Phenyl-C61-butyric acid methyl
ester (PCBM) 7 as the donor and the acceptor
respectively, by researchers at UC Santa
Barbara.18 Initially, the efficiencies for this
system, if reported, were extremely low or
reported only for monochromatic light sources.
In 2001, a 2.5% efficient BHJ solar cell was
reported by improving phase separation of the
donor and the acceptor.19 This effect was

Figure 1.10 PCPDTBT

achieved by changing solvent from toluene to
chlorobenzene for spin casting of the active

materials (poly)[2-methyl,5-(3*,7** dimethyl-octyloxy)]-p-phenylene vinylene) (MDMO-PPV) 5
and PCBM, which resulted in a threefold increase in efficiency. It is postulated that the
smoother and better blended films from chlorobenzene are due to improved solubility of PCBM
in chlorobenzene. From atomic force microscopy (AFM) studies, films spun cast from toluene
show aggregates rather than a smooth mixing of donor and acceptor. It was also found that
cells from MDMO-PPV/PCBM have an optimal donor:acceptor blend ratio for maximizing
12

efficiency. At 67 wt% PCBM, nanoscale phase separation of donor and acceptor starts to occur,
reducing charge carrier recombination.20 It was found that 80 wt % loading of PCBM is optimal
for highest efficiency, where the active layer morphology gives the best continuous percolation
pathways for charge carrier collection while maintaining small domain sizes for efficient charge
carrier separation. However, as PCBM does not absorb strongly in the visible region, such high
loading of PCBM seems counterintuitive for maximum sunlight absorption.
BHJ solar cells from polythiophene donors and PCBM also show promise21 although
initial efficiencies were low (0.2%).22 Poly-3-hexyl-thiophene (P3HT) 8 is a low bandgap (1.9 eV)
polymer with hole transport mobility as high as 0.1 cm2/Vs.23 High molecular weight (Mw
>10,000) P3HT produces uniform films, and P3HT/PCBM cells shows improved efficiencies of
2.5%.24 Additionally, P3HT/PCBM cells respond well to post production thermal annealing
treatments to improve initial efficiency. The use of thermal annealing as a means to improve
device efficiency was reported in 200325. Thermal annealing at temperatures higher than glass
transition yielded devices with efficiencies of 3.5%. The increase in efficiency is attributed to
improvements in nanoscale morphology of the active layer. Thermal annealing is thought to
improve the crystallinity of P3HT as cast, which should improved charge carrier transport
mobility and collection26.
More recently, it was also found that the addition of certain high boiling point, inert
processing additives such as octanedithol to the spin casting solution also improve efficiency of
BHJ solar cells. BHJ solar cells from P3HT/PCBM BHJ cells reported efficiencies as high as 6%.27 It
was proposed that PCBM has increased solubility in 1,8 octanedithiol compared to DCB, and as a
result, there is improved distribution of PCBM in the active layer that provides enhanced
percolation pathways for charge carriers. A similar processing additive, 1,8 diiodooctane was
found to improve device efficiencies for (poly(2,6-(4,4-bis-(2-ethylhexyl)-4H-cylcopenta(2,1b;3,4-b’)-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole) (PCPDTBT) 9 and PCBM solar cells to just
over 5%.28
From the first BHJ solar cell in 1995 to the present, the majority of high performing BHJ
solar cells reported have used PCBM as the acceptor material, while there has been a wide
variety of viable donor materials tested and reported. There is a need to develop and test novel
organic acceptors for use in oPVs other than PCBM. In chapter 3, I will describe the synthesis,
characterization and performance of novel fullerene based acceptors.
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1.7 Organic Photovoltaic Acceptors
Acceptor materials must have high electron affinities and reasonable electron transport
mobilities. Typically, non-fullerene based organic acceptors are based on known donor
materials with electron withdrawing groups such as cyano, fluoro and nitro added to the
conjugated core. The addition of electron withdrawing groups lowers the HOMO and LUMO
energy of these materials for better electron injection, allowing them to behave as electron
acceptors. The electron mobility of these materials has been studied in organic thin film
transistor studies.

Figure 1.11 Examples of polymer acceptors

Polymer/polymer BHJ solar cells have been investigated but due to their generally
lower efficiencies, do not attract the amount of attention that polymer/PCBM solar cells do. As
PCBM does not absorb significant amounts of solar radiation, it should be advantageous to use
an acceptor that absorbs more strongly in the visible region of the solar spectrum. A polymer
acceptor that exhibits strong absorption in the visible region is well suited for solar applications.
MEH-PPV/CN-PPV solar cells, which use a cyanated poly(p-phenylenevinylene) polymer CN-PPV
14

10 as the acceptor, produced a photocurrent and had a maximum efficiency of 0.9% under
monochromatic light illumination (430 nm). 29 An all-polymer solar cell consisting of MDMO-PPV
as the donor and poly[oxa-1,4-phenylene-(1-cyano-1,2-vinylene)-(2-methoxy-5-(3,7dimethyloctyloxy)-1,4-phenylene)-1,2-(2-cyanovinylene)-1,4-phenylene] PCNEPV 11 as the
acceptor yielded devices with maximum efficiency of 0.75% under AM 1.5 test conditions after
thermal annealing.30 More recently in 2007, an all polymer solar cell constructed of MDMO-PPV
as the donor and poly(fluorene-bis(1-cyanovinylenethienylene)phenylene) PF1CVTP 12 as the
acceptor reached efficiencies around 1.5% under standard (AM 1.5) test conditions after
thermal annealing.31 Donor and acceptor polymers tend to intermix too well, to such a degree
that low charge carrier mobilities become insufficient to overcome recombination prior to
reaching electrodes. Thermal annealing of the devices improves phase separation of the donor
and the acceptor as well as charge transport mobility to increase efficiencies by a factor of
two.32 However, polymer/polymer solar cells thus far still suffer from low efficiency, with recent
efficiencies still hovering around 1.5%.33 Polymeric materials also suffer from a number of
drawbacks. In general, stability is lower, and materials synthesis is not precisely controlled - Mw
can vary significantly from batch to batch. This is problematic as Mw of polymers has a large
impact on the performance of BHJ solar cells.34 Polymers can also be problematic to purify, as
many end step purifications involve extensive solvent rinses that can fail to get rid of catalytic
impurities.
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Figure 1.12 Examples of small molecule acceptors

1.8 Small Molecule Acceptors
Oligomers and small molecules, in contrast, are generally easier than polymers to
chemically modify and purification is straightforward. Facile fine-tuning of HOMO/LUMO
energies of small molecules for optimizing device performance is also advantageous. In the
past, small molecule acceptors generally exhibited lower efficiencies than those of
polymer/PCBM. Using a perylenetetracarboxylate as a drop-in replacement for PCBM,
P3HT/tetra-n-hexyl ester of perylene-3,4,9,10-tetra-carboxylic acid (THEP) 13 BHJ solar cells
were found to have efficiencies in the range of 0.001 %.35 In 2005, an all thiophene-based
donor/acceptor solar cell using P3HT as the donor and quinquethiophene-S,S-dioxide (T5OHM)
14 gave an improved photovoltaic efficiency of 0.061 %.36 Perylene diimides 15 have also been
investigated as possible acceptors, and with a block copolymer additive used to control
morphology, BHJ cells of P3HT/PDI solar cells achieved efficiencies of 0.55%.37 Another small
molecule acceptor based on 2-vinyl-4,5-dicyanoimidazole (Vinazene) 16 reached efficiencies of
0.45% when used with P3HT as the donor.38 Using a different donor polymer poly[N-(20decyltetradecyl)carbazole]-2,7-diyl (PCz), a 0.75% efficiency, which was a record breaking
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performance for a small molecule acceptor at the time, was reached. Using a phenyl substituted
thiophene polymer (POPT) 6 and a Vinazene acceptor, a 1.4% efficient BHJ solar cell was
reported.39 Another new small molecule acceptor, a electron withdrawing diketopyrrolopyrrole
(TFP-DPP) 17 derivative was also reported this year to give a 1.0% efficient BHJ solar cell in
conjunction with P3HT as the donor.40
Pentacene is a high-performance air stable small molecule acene semiconductor.
However, it has limited solubility in organic solvents. Previously, the Anthony group overcame
this problems by peri-functionalizing pentacene with trialkylsilylethynyl substituents.41 The
trialkylsilyl groups (Figure 1.13) greatly improve solubility, and the rigid ethynyl spacer prevents
disruptions to the π stacking of adjacent acenes due to the bulkiness of the trialkylsilyl groups.
This functionalization also caps the most reactive carbons at the 6 and 13 positions on the
pentacene to improve stability. It was discovered that for the sake of stability, optimal
trialkylsilyl group diameter to acene length should remain close to a ratio of 1 to 2.
Pentacene absorbs strongly in the UV-Vis up to 650 nm (Figure 3-25), making it a
suitable candidate for solar applications. This is in sharp contrast to fullerene based acceptors,
which have negligible absorption in the visible region (Figure 3-25) and do not contribute to the
photogeneration of excitons. While pentacenes have been previous tested and show promise
as small molecule donors,42 electron deficient pentacenes have never been tested previously as
acceptor materials for OPV purposes. In chapters 4 and 5, the synthesis, characterization and
devices properties of novel functionalized, electron deficient pentacenes and their performance
as drop-in replacements for PCBM in BHJ solar cells will be detailed.
1.9 Pentacenes
The general synthesis of 6,13 trialkylsilylethynyl-functionalized pentacenes:
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Scheme 1.1 General synthesis of trialkylsilylethynyl subsituted pentacenes
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The synthesis of all 6,13 trialkylsilylethynyl functionalized pentacenes 20 (Scheme 1.1)
detailed in this dissertation begin with a substituted pentacene quinone. A general
pentacenequinone 18 can be synthesized by one of three methods. The first follows a 4-fold
Aldol condensation between phthalaldehyde 21 and 1,4-cyclohexanedione 22 in ethanol and a
few drops of 15% NaOH as catalyst (Scheme 1.2).43 This method yields the desired yellow
pentacenequinone in high yield with excellent purity.
Scheme 1.2 General synthesis for symmetrical pentacene quinones using a 4-fold aldol condensation
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The second is a 2-fold Aldol condensation between 1,4 dihydroxyanthracene 23 and
phthalaldehyde under the same conditions to yield the desired yellow pentacene quinone in
good yield (scheme 1.3).
Scheme 1.3 General synthesis for asymmetrical pentacene quinones using a 2-fold aldol condensation
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In cases where the desired phthalaldehyde is difficult to obtain with high purity, or in
cases where the desired phthalaldehyde is a viscous liquid, it is sometimes easier to synthesize
the pentacene quinone via the third method, which is the Cava reaction (Scheme 1.4). The Cava
reaction is a variant of a Diels-Alder reaction44. The reaction begins with a nucleophilic addition
of iodide to a α,α,α’,α’-tetrabromomethyl-ortho-xylene 24 to generate an o-quinodimethane
that is highly reactive. The diene then reacts with a terminal quinone such as 1,4 anthraquinone
25, to form a pentacenequinone.45
Scheme 1.4 General synthesis for pentacene quinones using a Cava reaction
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While the yields of Cava reactions are typically low, there are significantly fewer steps
required to prepare the halogenated starting material. The yields are comparable to the overall
yield of a multi-step synthesis for a substituted phthalaldehyde. Additionally, the o-xylene
starting materials that undergo benzylic bromination are often commercially available at
inexpensive prices. The only problem comes from purification of the pentacenequinones, which
are minimally soluble in most organic solvents even at elevated temperatures. An unfortunate
result of the pentacenequinones being extremely insoluble is that purification can be limited to
hot gravity filtrations and the non-volatile nature of the pentacenequinones only allows
methods such as LD-MS for confirmation of structure and purity.
To synthesize the substituted pentacenes from the pentacenequinone, we begin with
the nucleophilic addition of a lithiated acetylene to the pentacenequinone to form the
pentacene diol (19). This is followed by reductive deoxygenation, most frequently with stannous
chloride and aqueous hydrochloric acid46 to obtain the desired alkynyl pentacenes (20), but
deoxygenation can also proceed with HI47, or KI/acetic acid48 for pentacenes with electron
withdrawing substituents. Purification involves extraction, silica gel chromatography and
recrystallization from an appropriate solvent.
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Figure 1.13 Trialkylsilyl groups

Trialkylsilyl groups that are employed for pentacene substitution, both those that have
been previously reported and novel derivatives prepared for this project, are included in Figure
1.13. These groups include short and long straight chain alkanes, as well as branched alkanes,
cyclic alkanes, and arenes. Figure 1.13 includes both the full name and abbreviated names of
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these groups. For the sake of brevity and clarity, the abbreviated names will be used from this
point forward.
In the subsequent chapters, I will detail the synthesis, characterization and tested device
properties of my diverse survey of pentacene based acceptors. Chapter 2 will outline various
methods of materials characterization important to new small molecule acceptor materials.
These methods include single crystal x-ray crystallography to confirm structure and to
determine the arrangement of these materials in the solid state. Also included is solution
electrochemistry as a means of determining HOMO/LUMO energies of substituted pentacenes.
In chapter 2 I will describe in detail the BHJ solar cells device fabrication process that was used
to test our materials. Chapter 3 will include the introduction of fullerene-penetacene adducts as
drop-in replacements for PCBM. Chapter 4 includes electron deficient pentacenes that employ
electron withdrawing groups containing nitrogen. Electron deficient perfluoroalkyl substitution
on pentacenes will be discussed as in chapter 5. In the last chapter, I will outline the conclusions
of this work and possible future work that expands upon the work presented in this dissertation.
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Chapter 2 Electrochemistry and device fabrication
After the chemical synthesis and purification, small molecule organic semiconducting
materials must undergo a series of materials confirmation and characterization analysis. For the
confirmation of structure, 1H, 13C NMR with mass spectroscopy analysis, melting point/DSC
(differential scanning calorimetry), combustion analysis and single crystal x-ray spectroscopy
analysis is generally adequate for publication in most peer review materials chemistry journals.
For the characterization of the electronic properties of these materials, techniques such as
solution and solid state UV-Vis and solution electrochemistry are commonly employed to
ascertain the HOMO LUMO energy levels and energy gap.
2.1 Electrochemistry:
Although electrochemistry is a very useful tool for the characterization of organic
electronic materials49, there’s a lack of knowledge presented in the average undergraduate
chemistry curriculum regarding the theory and application of electrochemical processes 50.
Electrochemical measurement of material energy levels is a very important part of research on
improving solar energy conversion efficiency51.
In organic electronic materials, photoexcitation and exciton generation does not lead to
free charge carriers. Instead, the coulombically bound electron-hole pairs that are generated
must be separated at a heterojunction where the energy levels of the donor and the acceptor
are suitably matched. One fast and simple method used to directly determine the HOMO and
LUMO energy levels of small molecule semiconductors is solution electrochemistry. Another
advantage of this method is that it makes comparison of HOMO/LUMO energy levels easier
across a broad range of materials.
Electrochemistry by cyclic voltammetry (CV) or differential pulse voltammetry (DPV)
measures changes in current (mA) as a result of shifting the potential (V) of an electron
conductor while in a supporting electrolyte solution. During a typical experimental CV run, the
material of interest is dissolved in an anhydrous organic solvent that has been degassed and
contains a small amount of supporting electrolyte. The solution is then electrolyzed by placing
the solution in contact with electrodes that oxidize or reduce the material of interest. Generally
in cyclic voltammetry, voltage of the working electrode is set to begin at a set point and is
increased or decreased linearly and then brought back down at the same rate. At the surface of
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the electrode, if there is sufficient voltage, either positive or negative, an electron transfer
between the electrode and material of interest can be observed. Either the material of interest
in solution may gain electrons from the electrode surface or transfer electrons to the surface of
the electrode in measurable way via a measurable current. What happens on the molecular
level is as follows:
Acceptor + e- ---> Acceptor-.
Donor - e- ---> Donor+.
In this case, A and D are the same molecule, and represent the HOMO and LUMO
energy levels present in the molecule that are accessible electrochemically to generate a radical
cation and radical anion.

e-

+

-

e-
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This type
of
electrochemical
experiment gives
the oxidation and
reduction
potentials and
thus
HOMO/LUMO
energy levels of
organic
semiconductors.
More
importantly, it
gives information
on the
Figure 2-1 Diagram of the Anthony lab electrochemistry setup

reversibility and
stability of the

redox reactions. It is important for materials to be used as semiconductors to be able to
reversibly undergo redox reactions. Electrochemical methods are fast, sensitive and use
relatively inexpensive equipment for characterization. The reaction is concentration dependent,
as the concentration of the redox material at the surface of the electrodes will affect the the
electrolysis current measured. However, using the same concentration for a repeated series of
experiments should make the electrochemical data obtained comparable across the materials
tested. A concentration of 1 mM of the tested substrate in a 0.1 M tetrabutyl ammonium
hexafluorophosphate solution is the concentration used to measure values presented in this
dissertation. At this concentration, the strongly colored substrates should strongly color the
electrochemical solution but still maintain enough clarity that ambient room light can easily pass
through the clear glass electrochemical cell.
In these types of reactions, the reduction potential Ered is a direct measurement of the
electron affinity, or LUMO of the material. The oxidation potential E ox is a direct measurement
of the HOMO or the ionization potential.
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2.2 Electrochemical Cell
The basic three electrode electrochemical cell (Figure 2-1) used to measure solution
electrochemistry in the Anthony group consists of a platinum button working electrode, a
platinum wire counter electrode and a silver wire pseudoreference electrode all connected to a
potentiostat. The inert supporting electrolyte of choice is (NBu4PF6) tetrabutylammonium
hexafluorophosphate, at 0.1 M concentration, typically in dichloromethane, acetonitrile or THF.
Prior to taking measurements, nitrogen is bubbled through the solution to ensure an oxygen
free environment and the metal electrodes are carefully scrubbed with a high mesh sand paper.
During the measurements, a blanket of nitrogen is maintained over the surface of the solution.
A typical cell requires around 15-20 mL of solution.
IUPAC recommends the reporting of electrochemical measurements in non-aqueous
mediums to be against an internal standard.52 In this group, we use ferrocene/ferrocenium, an
easy to use stable redox couple that is soluble in organic solvent and whose potential is
independent of solvent53. Fc/Fc+ is estimated to be around 4.8 eV against vacuum54. HOMO
and LUMO energies of our materials are determined by using their first oxidation and first
reduction potentials with respect to Fc/Fc+. Also, ferrocene is taken as 0.342 V versus SCE55,
something useful for comparison against literature reporting of electrochemical data with
respect to SCE (saturated calomel electrode).56
2.3 Cyclic Voltammetry
Ultimately, a CV graph shows the reaction that occurs at the working electrode as the
potential (V) is cycled through a potential window. The potential of the working electrode is
controlled versus the reference electrode. The potential applied across these 2 electrodes can
be considered an excitation signal, which is a linear potential scan between two different
potentials over time. For example, a typical scan potential between +1200 mV to -1200 mV is a
normal scan range for TIPS pentacene, and can be broken down into an oxidative scan (0 to
+1200 mV) and a reductive scan (0 to -1200 mV). It is always a good idea to start at 0 V, or
neutral potential. The potential scan has a triangular waveform (Figure 2-5), with the slope a
reflection of the scan rate. A typical scan rate for CV is around 50 to 100 mV/s. The current
required to sustain electrolysis at the working electrode is provided by the counter electrode.
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Figure 2-2 CV of TIPS Pentacene in dichloromethane
The CV graph that is obtained is from the measurement of current at the working
electrode while the potential sweep is occurring. The current is the response signal to the
potential excitation signal. Typically the CV graph has the potential (mV) plotted on the X axis,
and the current (A) on the Y axis. A typical 6,13 trialkylsilylethylnyl substituted pentacene (20)
oxidation CV with Fc/Fc+ added as an internal standard is shown in Figure 3. The scan was
initiated at 0 mV and taken in a positive direction to 1200 mV at 50 mV/s and then cycled back
to 0 again. The material exhibits a reversible one electron oxidation in the window scanned.
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Figure 2-3 CV of TIPS Pentacene in dichloromethane
In Figure 2-3, the reduction CV of the same compound is shown. The scan was initiated
at 0 mV and taken in a negative direction to -1200 mV at 50 mV/s and then cycled back to 0.
The material exhibits a reversible one electron reduction in the window scanned.
2.4 Estimating HOMO-LUMO energy from electrochemistry
To estimate the HOMO and LUMO from electrochemistry:
HOMO = -4.8 – (anodic oxidation (Eox) – average of cathodic and anodic ferrocene oxidation
(Fc/Fc+))
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LUMO = - 4.8 – (cathodic reduction (Ered) – average of cathodic and anodic ferrocene oxidation
(Fc/Fc+))
In this case, the Eox = 810 mV, Ered = -1005 mV, and Fc/Fc+ = 446 mV.
HOMO = [-4.8 – (0.810 – 0.446)] = -5.164 eV
LUMO = [-4.8 - (-1.005-0.446)] = -3.349 eV
Our group uses the peak values rather than peak onset
values from electrochemistry in our calculations of
HOMO/LUMO energies as it more closely matches the Egap
values that we obtain from solution UV-Vis. Whether it is better
to use the average of cathodic and anodic oxidations and
reductions varies from different materials groups and
Figure 2-4 CV potential – time
dependence

consistency is crucial to obtaining values that are comparable
to one another.

Cyclic voltammetry is concentration and scan rate dependent. Different scan rates can
give slightly differing reduction/oxidation values55a. For a more uniform HOMO/LUMO probe,
differential pulse voltammetry (DPV) is sometimes employed. Unlike in CV, in DPV, current
response is probed directly before and after a potential
change (Figure 5), with the change in current plotted as a
function of potential (V). By probing the current response
just before the voltage is changed, the effect of the charging
current can be decreased.
DPV values closely correlate with CV values but DPV
has greater analytical sensitivity. DPV results are quite
Figure 2-5 DPV potential – time
dependence

sensitive to ion transport processes resulting from redox
chemistry. Both CV and DPV are acceptable and frequently
used methods of calculating reduction and oxidation

potentials of organic semiconducting materials. But, to probe the reversibility of a redox
reaction, cyclic voltammetry should be employed.
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Figure 2-6 DPV of TIPS Pentacene in dichloromethane
A DPV graph of TIPS pentacene with Fc/Fc+ consists of four sweep segments. These
segments are scanned from 0 V to +1200 mV, +1200 mV to 0 V, 0 V to -1200 mV and -1200 mV
to 0 V. Comparison of this to the CV graphs show a close correlation in the values obtained. The
same method of determining HOMO and LUMO levels are used as for CV, and the values are
within 0.03 eV of CV values.
2.5 Device fabrication theories
Organic solar cells can be fabricated using solution based device fabrication methods
such as spin casting, ink-jet printing. All organic solar cell data presented in this dissertation had
active layers that were spin cast from solution.
Spin casting is a method of materials deposition that uses centrifugal force to produce a
thin, uniform film. During spin casting, a wet layer of material dissolved in a volatile solvent is
deposited on top of a flat substrate (such as a piece of glass) that is vacuum sealed to a chuck.
During spin casting, the volatile solvent is evaporated off after spinning for typically 20 to 60
seconds. Film thickness of spin cast films can be controlled by a number of different factors
during spin coating. Spin cast speed, spin cast time, spin casting solvent volatility, and spin
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casting solution concentration and viscosity are all factors that can affect the final film thickness.
Varying these parameters allows for film thickness control. For organic photovoltaic cells, a film
thickness of approximately 100 nm is required.
The metal cathode (aluminum) and CsF in OPV devices are usually deposited via thermal
evaporation. Vapor deposition/thermal evaporation is a method of materials deposition well
suited for depositing thin films of thermally stable materials such as metals. A material is
thermally heated until it evaporates and is deposited via condensation on a substrate under
vacuum. Parameters such as vacuum pressure, evaporation rate, and source to target distance
all affect the thickness, uniformity and quality of the film. A vacuum pressure of 10-6 to 10-7 torr
is necessary to ensure an oxygen free environment in the evaporating chamber. The presence
of oxygen can cause metal oxides to form and change the electrical properties and the end
device efficiency. An ultrathin layer (<10 Å) of LiF57 or CsF58 is evaporated onto the active layer
just prior to the aluminum cathode. The prevailing hypothesis on why a small amount of CsF
next to the aluminum cathode improves efficiency is that it decreases the work function of the
aluminum cathode59 to create a larger potential drop from the acceptor LUMO and hence a
larger Voc and efficiency. One theory on how this comes about is that the CsF reacts with the
aluminum cathode and dissociates, leaving some Cs ions at the cathode 60. Another theory is
that highly ionic CsF has a strong dipole moment, which decreases the surface potential of Al58.
2.6 OPV Device Fabrication:
Device fabrication follows the detailed prep as outlined in: Kim, K., Liu, J., Namboothiry,
M. A. G., Carroll, D. L. Appl. Phys. Lett. 2007, 90, 163511.
Solar cells were fabricated on pre-patterned ITO coated glass substrates, which were
cleaned by sonication in a mild detergent, rinsed in de-ionized water, dried in a nitrogen stream,
and treated with a 10-minute UV-ozone exposure. PEDOT:PSS was filtered through a 0.45 μm
PVDF syringe filter, and then deposited by spin-coating at 6000 rpm for 60 seconds. The
PEDOT:PSS layer was baked on a hot-plate at 170 oC for 4 minutes to remove residual solvent.
The samples were then transferred into a nitrogen-filled glovebox, in which all subsequent
processing steps were carried out. P3HT and a pentacene acceptor were dissolved in toluene at
a ratio of 1:1 by weight to give a total concentration of 20 mg/ml. 1,2-dichlorobenzene (DCB, 30
% by volume) was added just before spin-coating on top of the PEDOT:PSS layer at 1000 rpm for
30

60 seconds.. Finally, 4 Å of CsF and 400 Å of Al were thermally evaporated under high vacuum
(~10-6 Torr) to form the cathode for the devices. A shadow mask was used in the evaporation to
define a device active area of 3 mm2.
2.7 Bulk heterojunction solar cell device structure:

Figure 2-7 BHJ device fabrication

Materials:
P3HT was purchased from American Dye Source and used without further purification.
PEDOT:PSS (Clevios PH 500) was purchased from H. C. Starck. All solvents were purchase from
Sigma-Aldrich. Pre-patterned indium tin oxide (ITO) coated glass substrates were purchased
from Kintec.
Characterization:
Solar cell current-voltage (I-V) curves were obtained with a Keithley 236 sourcemeasurement-unit (SMU) under AM 1.5 100 mW/cm2 illumination from a Solar Light 16S-002
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solar simulator. Light output power was calibrated using a Newport 818P-010-12 thermopile
high power detector, which has a flat response over a broad spectral range. Spectral mismatch
was not taken into account in these measurements. At least six devices were measured for each
material to obtain device statistics.
Sample IV-Curve

Figure 2-8 Sample IV Curve
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Chapter 3 Fullerene-Pentacene Adducts
3.1 Introduction
The first fullerene was discovered in 1985
when a group of researchers at Rice vaporized
graphite with laser irradiation and obtained a variety
of carbon molecules, including C60 (3-1) as the primary
product61. For their discovery of C60, they were
awarded the 1996 Nobel Prize in Chemistry. C60
fullerene is a spherical molecule consisting of 60
carbon atoms interconnected as 20 hexagons and 12
pentagons that form a closed cage with double bonds
only in the hexagons62. There are two different
Figure 3-1: C60 fullerene (3-1)

types of bonds in C60, a 1.39Å short bond that is

shared between 2 adjacent hexagons (6,6 junction) and a 1.45Å long bond shared between a
pentagon and a hexagon (5,6 junction)63. The sp2 hybridized carbons of C60 must be bent to form
the spherical carbon cage, even though it is more energetically favorable for them to be
planar64. So while fullerenes are fairly
stable, this strain adds to the reactivity of
C60.
One of the potential applications
of C60 stems from its interesting electronic
properties, in that it can behave as an
electron acceptor in photovoltaic devices.
C60 can reversibly accept up to 6 electrons
in solution electrochemistry experiments65.
Most fullerene derivatives and adducts
Figure 3-2: CV and DPV of C60

generally retain many of the electronic

characteristic of C60.
Commercially, gram scales of C60 can be produced from carbon soot using
the "Krätschmer-Huffman-Method”66 in which a current is sent between two graphite
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electrodes in an inert low pressure atmosphere. Newer combustion methods similar to the
production method used to make carbon black can produce significantly scaled up quantities of
C6067. However, fullerene purification is tedious and often the cost limiting step of fullerene
production68.
Fullerene has limited solubility in organic solvents and
has a tendency to form aggregates that become even less
soluble69. Functionalized fullerenes have overcome solubility
issues while retaining most of the same desirable
characteristics of C6070. The reasons for functionalization of
fullerenes for OPV applications is manifold: to improve
solubility, and also to improve phase segregation of the
material as compared to a donor polymer.

Figure 3-3 PC61BM (3-2)

3.2 PCBM
One of the most well-known and widely used fullerene derivatives in organic
photovoltaic studies is [6,6]-phenyl C61-butyric acid methyl ester (PCBM 3-2).41c The first
polymer/PCBM solar cell was reported in 1995,41b although the initial reported efficiency was

Figure 3-4 Crystal packing of PCBM. a. (left) in orthodichlorobenzene b. (right) in chlorobenzene

34

very low. However, over the next 15 years, changes to OPV device processing procedures led to
efficiency of 5% for many polymer/PCBM BHJ solar cells26, 71 with efficiencies as high as 6% also
being reported72.
One of the earliest processing conditions changed was the organic solvent used to spin
coat and process the active layer of the OPVs. Changing spin coating solvents from toluene to
chlorobenzene (CB) for MDMO-PPV/PCBM increased efficiency to 2.5%19 The question was
then, why a different spin casting solvent would lead to such a dramatic three-fold increase in
efficiency. Other researchers at around the same time also discovered that switching to
chlorobenzene, ortho-dichlorobenzene (ODCB) spin casting solvents lead to increased device
performance.73 It was hypothesized at the time that changes in the processing solvent must
change the morphology of the active layer or improve phase segregation. It was researched to
see if different organic solvents would lead to a different crystal packing, which contributed to
the improvement in efficiency. PCBM crystal structures 74 from different crystallization solvents
(CB and ODCB) were obtained. In CB, the crystal packing shows the close 3D proximity of the
fullerenes, allowing easier charge hopping (Figure 4b). Determination of the crystal packing of
these materials, especially the crystal structure yielded by the spin casting solvent is therefore
important to the understanding of performance improvement.
Another method of improving
polymer/fullerene device performance is to switch to
using fullerenes such as C70 and C84 since these
materials are stronger light absorbers than C60 and
also absorb a larger portion of solar energy. A PCBM
from C84 was synthesized and tested as an acceptor in
BHJ solar cells, but polymer/[84]PCBM cells only
reached a maximum PCE of 0.25% with low Voc. 10b
Polymer/PC71BM BHJ cells do outperform
polymer/PC61BM cells,10d, 75 and some groups have
begun to publish OPV results using PC71BM as the
Figure 3-3 Max Voc relationship between
acceptor LUMO and donor HOMO

acceptor, exclusive of PC61BM.10c, 76 MER
Corporation, one of the largest North American
commercial distributers of fullerenes sells 99%+ C60
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at $40 per gram, but 99%+ C70 is $400 per gram as of August 2010. There is a significantly
smaller amount of C70 than C60 produced under carbon arc fullerene synthesis conditions66b. C70
is also much less soluble than C60, making column purification of C70 more tedious.77 As a result,
C70 is ten times more expensive than C60. While the reporting of OPV research using PC 71BM
may look more impressive at first glance, it’s not realistic or truthful for commercial scale-up if
the aim of using solution processable organic materials is being promoted as “low cost”.
3.3 Fullerene-acene chemistry
C60 behaves like an electron deficient alkene78
and can react with many electron rich species such as
acenes.

79

The vast majority of fullerene chemistry

happens at the [6,6] ring junctions80.

Figure 3-4 Pentacene (3-3) numbering
scheme

Fullerenes are known to undergo a variety of
cycloaddition reactions, and the Diels-Alder

(4+2) cycloaddition of fullerenes is one of the most useful and most well studied. In the case of
an unsubstituted pentacene (3-3) to fullerene cycloaddition, the acene diene reacts in refluxing
toluene at the most reactive 6 and 13 positions of pentacene to form a six membered ring that
is fused to the 6,6 junction of C6081. For substituted pentacenes such as TIPS pentacene, the
steric and electronic impact of the substituents at the 6 and 13 positions force reaction at the 5
and 14 or 7 and 12 positions in a syn diastereoselective fashion82.

Figure 3-5 C60 – Pentacene Diels Alder reaction to form an acenofullerene (3-4)
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3.4 Acenofullerenes
One of the first cleanly synthesized acenofullerenes was an anthracene-C60 monoadduct
that was synthesized by refluxing 10:1 anthracene:C60 in toluene.83 A problem with this material
is that it is not thermally stable84 and given to retro-Diels-Alder back to anthracene and C60. By
using a vast excess of starting material, it was hoped that equilibrium could be pushed towards
the acenofullerene. However, the anthracene-C60 monoadduct will begin to degrade at around
60°C. Unsubstituted tetracene and pentacene, which have solubility issues in common organic
solvents, also formed C60 adducts under conditions such as high speed vibration milling (HSVM)
and reacting the materials as solids rather than refluxing in solution85. Tetracenes and
pentacenes are more reactive86 than anthracenes and will undergo Diels-Alder reactions with C60
faster than smaller acenes. The retro-Diels-Alder reactions of tetracene-fullerene and
pentacene-fullerene adducts, however, are much slower. We determined that the retro DielsAlder of 6,13 ethynyl subituted pentacene-fullerene adducts begins at around 220 °C, and is not
rapid. This temperature was determined from UV-visible absorption measurements of a film of
a TIPS pentacene-C60 monoadduct (3-28). At around 220 °C under nitrogen, pentacene peaks
began to appear in the
absorption spectrum.
Crystals of C60pentacene
monoadducts were
grown by vapor
diffusion of 2:8 CS2/nhexane into a solution
of 1 in 8:2 CS2/nhexane2. In the solid
state, C60-pentacene
packs with the acene
on the
Figure 3-1 C60 fullerene-pentacene mono adduct (3-4)

acenofullerenes in a
bent conformation with

a neighboring fullerene sphere nested within the space of the bent acene (see Figure 9). The
C60-pentacene molecules also were reported to have limited solubilities in organic solvents, and
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it is our hope that adding trialkylsilylethynyl substitution to acenofullerenes, which worked well
to solubilize unfunctionalized pentacene41a, will yield acenofullerenes soluble enough for these
materials to be solution processed for BHJ OPV applications.
If the reactive 6 and 13 positions of the pentacene are blocked, the C60 dienophile will
react across the 2 rings adjacent to the 6 and 13 carbon containing ring 87. A 6,13-diphenyl
pentacene has been shown to react with C60 in just such a manner2. 6,13
(bis)trimethylsilylethynyl pentacene also reacted with C60 to give the monoadduct in good yield
after 24 hours of reaction time with longer reaction times associated with increasing yields of
bisadducts88.
3.5 Device optimization
While Jsc in OPVs have been largely optimized by device fabrication methods, tuning of
Voc has mainly concentrated on tuning the donor polymer HOMO to optimally match the LUMO
of PCBM13. It should theoretically be feasible to tune the LUMO of the acceptor to try to
improve Voc. It is now established that maximal Voc possible in an OPV BHJ cell is a direct
relationship between the acceptor LUMO and the donor HOMO. A group of researchers from
the Netherlands attempted to tune the electronics of the fullerene acceptor by using a variety of
electron withdrawing and donating groups on the phenyl ring of PCBM to tune the LUMO and
thus Voc of the devices using these materials. 45 The range of LUMOs in the tested fullerene
based acceptors varied by 0.85 eV, but the researchers reported that were no significant
changes to Voc in devices tested using this range of materials. This is because the materials had
limited solubilities in the spincasting solvent (chlorobenzene), and most devices had V oc lower
than PCBM and low overall efficiencies. It is one of the objectives of this acenofullerene project
to attempt to tune the Voc of BHJ polymer/fullerene photovoltaic cells by altering the LUMO of
the fullerene acceptors using soluble pentacenofullerenes.
There was a solubility to performance relationship study done for fullerene-based
acceptors.89 In this study, 27 various fullerene derivatives as BHJ acceptors showed a wide
range of solubilities and efficiencies. Out of the materials tested, the best materials are those
that had similarly high solubility in the spin casting solvent as the donor material. The authors
suggested a solubility range of 30-80 mg/mL in chlorobenzene for P3HT/fullerene based
acceptor cells, to match the solubility of P3HT which is around 50-70 mg/mL. The solubilities of
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acenofullerenes that were synthesized for this project were also studied to attempt to
characterize their correlation to device performance.
3.6 Fullerene acceptors other than PCBM
PCBM is not the only fullerene derivative studied for photovoltaic applications, but
almost all other derivatives do not perform as well as PCBM. The notable exception is the class
of indene-fullerene adducts90. The majority of these acceptors mimic the chemical structure of
PCBM, including a PCBM analog that has a thiophene in place of the phenyl group91. A sample
of some of these materials is shown in figure 6 and their photovoltaic cell properties shown in
table 3.1.
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Figure 3-2 A sampling of non PCBM fullerene based BHJ photovoltaic acceptors
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Table 3.1 Summary of different fullerene based acceptors in BHJ OPV devices from Figure 3-5
Voc (V)
Jsc (mA/cm2)
FF
PCE %
Acceptor
0.10
5.00
N/A
0.78
3-5 90a
0.16
2.00
N/A
N/A
3-6 90a
0.25
3.90
N/A
0.45
3-7 90a
0.65
9.90
N/A
4.0
3-8 90b
0.65
9.80
N/A
3.8
3-9 90b
0.25
0.20
0.43
0.02
3-10 90c
0.72
1.90
0.34
0.45
3-11 90c
0.76
2.80
0.51
1.08
3-12 90c
0.30
0.20
0.34
0.02
3-13 90c
0.42
0.80
0.37
0.12
3-14 90c
0.63
3.80
0.38
0.91
3-15 90c
0.73
2.50
0.38
0.68
3-16 90c
0.61
2.10
0.32
0.40
3-17 90c
0.58
8.10
0.60
2.8
3-18 90d
0.58
7.14
0.58
2.3
3-19 90d
0.65
4.43
0.35
1.01
3-20 90e
0.64
5.83
0.46
1.73
3-21 90e
0.62
10.33
0.62
4.00
3-22 91
0.60
10.51
0.63
3.95
3-23 92
0.64
0.57
3.84
4.26
3-24 92
0.63
10.61
0.64
4.26
3-25 92
0.63
9.66
0.64
3.89
3-26 (C60) 93
0.84
9.67
0.64
5.44
3-26 (C60 bisadduct) 93
0.84
9.73
0.69
5.64
3-27 94
0.84
10.61
0.73
6.48
3-27 (anneal 150°C/10 min) 92
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3.7 Multiple additions in acenofullerenes

C60 has 30 double bonds all
with the same reactivity. Typically,
a stoichiometric amount of acene
to C60 will lead to a mixture of
products including the monoadduct
and some multiple addition
products. The multiple addition
products are usually discarded
because they are a mixture of
difficult to separate positional
isomers. The monoadduct can be
separated by chromatography (see
Figure 9). The acenofullerenes that
are presented in this chapter were
separated by silica gel
chromatography after refluxing a
stoichiometric amount of
Figure 3-3 Silica gel column of C60-pentacene adduct
after flushing with hexanes to elute all unreacted C60.
The dark band is the mono addition product that is then
eluted with a dichloromethane:hexanes solvent mixture.

functionalized pentacene to C60 in
toluene. The yields of the
monoadduct are in the 10-30%
yield range.

3.8 Acenofullerene targets
To tune the LUMO of acenofullerenes, a variety of electron poor and electron rich
pentacenes were employed for addition to C60. In order of most electron poor to most electron
rich (Figure 3-11): dicyano TIPS pentacene, monocyano TIPS pentacene, TIPS pentacene,
dioxolane TIPS pentacene, dibutyl dioxolane TIPS pentacene, and dioxane TIPS pentacene
(Figure 3-11).
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Figure 3-4 List and trend of pentacenes to add to C60 for acenofullerene monoadducts

Figure 3-12 C60 TIPS pentacene (3-28) reaction
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TIPS dioxane pentacene, TIPS dioxolane pentacene and TIPS dibutyl dioxolane
pentacene were prepared according to previously reported literature methods. 95 TIPS cyanopentacenes were prepared as described in the following chapters. The overall reaction schemes
for all pentacene – C60 reactions were identical: the TIPS Pentacene and C60 were refluxed in
degassed toluene for 2 hours to form a mixture of products, and the monoadduct was isolated
by silica gel chromatography.
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3.9 Initial Results
3.10 C60-TIPS Pentacene
The 'H NMR spectrum of C60-TIPS pentacene (3-28) shows 2 protons as singlets at
approximately 6.6 ppm. These 2 protons correspond to the 2 bridgehead protons on the
pentacene C5 and C14 positions, consistent with cycloaddition across a 6,6- bond. A crystal
structure was obtained for this material, and corroborates spectroscopic assignment from 1H
NMR. MALDI mass spec and LD-MS of this material proved problematic, as the ionization
method invariably broke the molecule apart into the C60 fragment and TIPS pentacene
fragments.

Figure 3-14 C60 – TIPS pentacene
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MALDI (matrix-assisted laser
desorption ionization) is a laser based soft
ionization method that is suitable for
large molecules with molecular mass
above 1000, according to the head of
University of Kentucky mass spectra
facilities manager Dr. Jack Goodman. The
purpose of the matrix is to help protect
the molecule from being destroyed by

Figure 3-15 MALDI matrices for acenofullerenes

the laser beam used for ionization.
TCNQ (3-29) was found to be a particularly suitable matrix for large, insoluble PAHs. 96
Previously, our group has found that TCNQ (tetracyanoquinodimethane) is a suitable matrix

Figure 3-16 C60 - TIPS pentacene (3-28) crystal packing along b axis of the unit cell
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material for MALDI-MS of our acenes and heteroacenes. However, in the case of the
acenofullerenes, it was inadequate. DCTB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2propenylidene] malononitrile) (3-30) has been reported as a suitable matrix material for MALDIMS of fullerene derivatives97 and we found that it worked quite well for our acenofullerenes.
Although the acenofullerene parent ion peak is small, it is visible and supports the NMR
spectroscopic assignment and single crystal x-ray diffraction confirmation of structure.
C60-TIPS pentacene crystasls exhibited similar packing (Figure 13) to that of C 60pentacene adduct.2 Each unit cell contains 2 molecules of acenofullerenes and 4 molecules of
dichloromethane. The pentacene is a bent in an asymmetrical butterfly that cups the spherical
fullerene portion of a neighboring adduct. The bridgehead cyclohexyl is bent at an angle of
108.34° and
109.62° on either
side of the
pentacene. The
closest fullerenefullerene carbon
carbon contacts
are 3.743 Å apart
and the closest
fullerene-acene
carbon contacts
are 3.154 Å apart.
While the acene
to fullerene
contacts are
within C-C van
der Waals radius
(3.4 Å), the long

Figure 3-17 C60-TIPS dioxolane pentacene thermal ellipsoid

distances between
fullerenes is problematic for charge transport. For comparison, the closest fullerene-fullerene
contacts in PCBM from chlorobenzene and ortho-dichlorobenzene are around 3.02 Å and 3.17
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Å74. The solubility of this material was found to be 3.63 mg/mL in chlorobenzene, far lower than
the proposed ideal of 30-80 mg/mL. The electrochemically determined reduction potential was
-1,098.10 mV vs Fc/Fc+, corresponding to a LUMO of -3.70 eV. Initial testing in P3HT-based
devices gave a 6-cell average Voc of 0.64 V, Jsc of 1.63 mA/cm2, FF of 0.19 and overall PCE of
0.20%.
3.11 C60-Dioxolane TIPS Pentacene (3-33)
C60-Dioxolane TIPS pentacene (3-33) was synthesized in a manner similar to that of C60TIPS pentacene (3-28). The crystal packing motif of this molecule is similar to that of C 60pentacene (3-4) and C60-TIPS pentacene (3-28). However, the fullerenes are much closer
together than those in C60-TIPS pentacene with less solvent inclusion. Each unit cell contains 2
molecules of acenofullerenes and 2 molecules of dichloroethane. The pentacene is bent in an
asymmetrical butterfly that cups its neighboring fullerene sphere. The bridgehead cyclohexyl is
bent at an angle of 108.74° and 109.35° on either side of the pentacene – slightly less twisted
than that of C60-TIPS pentacene. The closest fullerene-fullerene carbon carbon contacts are
3.095 Å apart and the closest fullerene-acene carbon contacts are 2.940 Å apart. There is good
π overlap between neighboring molecules and closest C-C contacts are well within van der
Waals radius (3.4 Å). The solubility of this material was found to be 18.24 mg/mL in
chlorobenzene, far lower than the proposed ideal of 30-80 mg/mL, but much improved from

Figure 3-18 Crystal packing of C60-TIPS dioxolane pentacene (3-33) along the b axis of the unit
cell
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C60-TIPS pentacene. The reduction potential was -1,121.35 mV vs Fc/Fc+, corresponding to a
LUMO of -3.68 eV. Initial testing in devices gave average Voc of 0.60 V, Jsc of 5.16 mA/cm2, FF of
0.30 and overall PCE of 0.78% over 6 cells.
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3.12 C60-dibutyl dioxolane pentacene (3-32)

Figure 3-19 Thermal ellipsoid of C60-TIPS dibutyl dioxolane pentacene (3-32)
C60-TIPS dibutyl dioxolane pentacene(3-32) crystals also exhibited similar packing to
previous acenofullerenes. Each unit cell contains 2 molecules of acenofullerenes with no
solvent inclusion. The pentacene is a bent in an asymmetrical butterfly that cups the spherical
fullerene portion of a neighboring adduct. The bridgehead cyclohexyl is bent at an angle of
110.09° and 109.46° on either side of the pentacene. Due to the length of the butyl groups on
each side of each dioxolane pentacene, the directly neighboring twins within the unit cell are
quite far apart from one another (Figure 18).
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Figure 3-20 Crystal packing of C60-TIPS dibutyl dioxolane pentacene (3-32) along the b axis of
the unit cell
The closest fullerene-fullerene carbon carbon contacts are 6.805 Å and the closest
fullerene-acene carbon contacts are 3.194 Å. While the acene to fullerene contacts are within
C-C van der Waals radius (3.4 Å), the long distances between fullerenes is very problematic as
there is no possible fullerene-fullerene π interaction. The reduction potential was -1,152.10 mV
vs Fc/Fc+, corresponding to a LUMO of -3.65 mV. Initial testing in devices gave average Voc of
0.72 V, Jsc of 1.55 mA/cm2, FF of 0.25 and overall PCE of 0.28% over 6 cells.
3.13 Other C60-pentacene adducts
C60-TIPS dicyano-pentacene (3-30) crystals only diffracted to around 2 Å. C60-TIPS
monocyano (3-29) pentacene crystals also could not be solved. Crystals of C 60-TIPS dioxane
pentacene (3-31) shattered after mounting and cooling to 90 K. Solubility, electrochemistry, and
device statistics of all acenofullerenes are summarized in table 3.2 (electrochemistry), 3.3
(devices) and 3.4 (solubility).
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Figure 3-21 DPV of the first reduction of acenofullerene compounds
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Table 3.2 First reduction potential and calculated LUMO level from DPV

32)

Compound
C60 - TIPS DiBu Dioxolane Pentacene (3-

Red (1)
(mV)
-1,152.10

LUMO
(eV)
-3.65

C60 - TIBS Dioxolane Pentacene (3-37)

-1,121.35

-3.68

C60 - TIPS Dioxane Pentacene (3-31)

-1,109.70

-3.69

C60 – TIPS Pentacene (3-28) (Yellow)

-1,098.10

-3.70

C60 - 1CN TCPS Pentacene (3-29)

-1,079.80

-3.72

-990.85

-3.81

-941.45

-3.86

(Orange)C60 - 2CN TIPS Pentacene (3-30)
C60 (3-1)

Table 3.3. Initial device results (Pn = pentacene)
Acceptor

LUMO (eV)

2

V

J (mA/cm )

oc

60

PCE (%)

sc

(V)
C - TIPS DiBu Dioxolane

FF

-3.65

0.72

1.55

0.25

0.28

-3.69

0.70

1.67

0.28

0.33

-3.68

0.68

3.78

0.25

0.64

-3.70

0.64

1.63

0.19

0.20

-3.72

0.58

2.08

0.38

0.45

-3.81

0.56

0.96

0.30

0.16

Pentacene (3-32)
C - TIPS Dioxane
60

Pentacene (3-31)
C60 - TIBS Dioxolane
Pentacene (3-37)
C60 – TIPS Pentacene (328)
C60 - 1CN TCPS Pentacene
(3-29)
C60 - 2CN TIPS Pentacene
(3-30)
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3.14 Discussion of results
Initial solution
electrochemistry
indicated that the classes
of pentacenes adducted
to C60 clearly influenced
the first reduction of all
acenofullerene monoadducts tested. There
was a clear trend in
LUMO that adhered to
the trend originally
Figure 3-22. C60- dioxolane pentacenes

expected with the range
being from –3.65 eV to –
3.81 eV. For comparison,

PCBM and unsubstituted C60 were tested under the same conditions and yielded LUMO energies
of -3.70 eV and -3.86 eV respectively. All 6 compounds were tested in devices with P3HT as the
donor in 1 batch, showing that Voc clearly trended with LUMO. However, efficiencies are low,
with much lower FF Jsc compared to PCBM cells. This trend indicates that there is poor
nanoscale separation of donor and acceptor and a high degree of charge carrier recombination
within the active layer. Part of the problem with the crystal packing of some of the
acenofullerenes was the large spaces between fullerenes, similar to the crystal structure of
PCBM from ODCB74. Ideally, closer fullerene-fullerene contact similar to the packing observed in
PCBM crystals from CB should make a better material.
Since C60-TIPS dioxolane pentacene gave reasonably high Voc and exhibited closer
fullerene-fullerene contacts in the solid state than all other acenofullerenes, we intended to
explore this class of materials further. The goal then was to synthesize novel C 60-dioxolane
pentacene materials that packed more favorably in the solid state, and also were more soluble
and to see if solubility would play a part in device performance. To that end, dioxolanepentacenes with TNPS (tri-n-propylsilyl), TIBS (tri-iso-butylsilyl), TNBS (tri-n-butylsilyl) and TNHS
(tri-n-hexylsilyl) groups were synthesized and fused to C60.
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3.15 TNPS Dioxolane pentacene (3-39)

Figure 3-23. Thermal ellipsoid of 2 C60-TNPS dioxolane pentacene (3-39)
molecules, with CHCl3 inclusion (green)
Crystals of C60-TNPS dioxolane pentacene(3-39) were grown from chloroform/heptanes
and the resulting structure showed a high degree of disorder. The bridgehead cyclohexyl is bent
at an angle of 109.56° and 109.32° on either side of the pentacene. The closest fullerenefullerene carbon carbon contacts are 3.487 Å and the closest fullerene-acene carbon contacts
are 3.353 Å. While the acene to fullerene contacts are within C-C van der Waals radius (3.4 Å).
The majority of fullerene-fullerene contacts appeared to have been well out of van der Waals
radius with numerous disordered solvent molecules between fullerenes (see thermal ellipsoid
plot, Fig. 3-23). The solubility of this material is 22.38 mg/mL in chlorobenzene. The reduction
potential is the same as that of other dioxolane pentacenes, with LUMO of -3.70 eV.
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3.16 C60-TNBS Dioxolane Pentacene(3-40)
Crystals of C60-TNBS dioxolane pentacene (3-40) were grown from chloroform/heptanes,
and the resulting structure was even more highly disordered than that of C60-TNPS dioxolane
pentacene (3-39). Two molecules of the monoadduct are in one unit cell, and there is a great
deal of disorder around the longer solubilizing n-butyl groups. As expected with this trend, C60TNHS dioxolane pentacene (3-41) adducts were more disordered than that of C60-TNBS
dioxolane and impossible to solve.

Figure 3-24 C60-TNBS dioxolane pentacene (3-40) - highly disordered
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3.17 Solubility studies of pentacenofullerenes
Table 3.4 Materials solubilities in chlorobenzene
Material (C60 adduct)
TIPS Pentacene (3-28)
C60 (no adduct) (3-1)
TIBS Dioxolane Pentacene (3-36)
TCPS Dioxolane Pentacene (3-37)
TIPS Monocyano-pentacene (3-29)
TIPS Dioxolane Pentacene (3-33)
TNPS Dioxolane Pentacene (3-38)
TIPS Dioxane Pentacene (3-31)
TIPS Dicyano-pentacene (3-30)
TNHS Dioxolane Pentacene (3-40)

mg/mL in
chlorobenzene
3.63
6.44
6.33
15.78
17.14
18.24
22.38
38.07
38.67
56.71

Although altering the alkyl substitution on dioxolane pentacenes to add to C60 did not
produce any new materials that appear to pack in the desirable manner, we were able to
conduct solubility studies on these new materials. With increasing alkyl chain length
substitution, the solubilities of the acenofullerene adducts were also increased and we were
able to show that we have a reasonable range of solubilities from 3.63 mg/mL to 56.71 mg/mL.
We then attempted to find a trend, or to confirm the solubility to oPV device performance
relationship suggested in the literature.89
3.18 Comprehensive Device Data
All acenofullerene materials that have been synthesized thus far were all tested or
retested in 1 batch with PCBM as (Table 3.5) a control for comparison. We show that the LUMO
to Voc trend that was observed in the initial testing is reproduced. Furthermore, after gentle
annealing (120 °C for 5 mins), our maximally efficient acenofullerenes was able to reach
efficiencies of 1.26%, compared to 1.98% that we were able to obtain from PCBM in this batch
(Table 3.6).

58

Table 3.5 Pre-annealed cells fabricated as ITO/AI4083 PEDOT/P3HT:acceptor (15:9 from CB,
1500rpm)/CsF/Al
Acceptor

Voc
(V)

Jsc
(mA/cm2)

FF

PCE
%

(3-40)
(3-38)
(3-39)
(3-37)
(3-36)
(3-33)
(3-32)
(3-29)
(3-30)
(3-28)
(3-31)
(3-2)

0.61 ± 0.02
0.70 ± 0.01
0.67 ± 0.01
0.60 ± 0.01
0.66 ± 0.01
0.72 ± 0.01
0.67 ± 0.01
0.60 ± 0.02
0.51 ± 0.02
0.69 ± 0.01
0.67 ± 0.01
0.67 ± 0.01

3.97 ± 0.31
3.93 ± 0.24
3.84 ± 0.20
1.53 ± 0.06
3.34 ± 0.17
2.08 ± 0.16
1.21 ± 0.06
3.92 ± 0.14
1.19 ± 0.07
0.80 ± 0.02
0.76 ± 0.03
4.78 ± 0.17

0.26 ± 0.01
0.29 ± 0.01
0.25 ± 0.01
0.24 ± 0.01
0.27 ± 0.01
0.28 ± 0.01
0.30 ± 0.01
0.41 ± 0.01
0.35 ± 0.01
0.23 ± 0.01
0.36 ± 0.01
0.53 ± 0.02

0.62 ± 0.05
0.79 ± 0.05
0.63 ± 0.02
0.22 ± 0.01
0.60 ± 0.03
0.42 ± 0.03
0.24 ± 0.01
0.97 ± 0.08
0.21 ± 0.02
0.12 ± 0.01
0.18 ± 0.01
1.68 ± 0.14

Table 3.6. Cells fabricated as ITO/AI4083 PEDOT/P3HT:acceptor (15:9 from CB, 1500rpm)/CsF/Al
after 5 minutes of thermal annealing at 120°C.
Acceptor
(3-40)
(3-38)
(3-39)
(3-37)
(3-36)
(3-33)
(3-32)
(3-29)
(3-30)
(3-28)
(3-31)
(3-2)

Voc
(V)
0.41 ± 0.01
0.48 ± 0.01
0.43 ± 0.01
0.45 ± 0.01
0.46 ± 0.01
0.54 ± 0.01
0.42 ± 0.01
0.54 ± 0.02
0.49 ± 0.02
0.55 ± 0.01
0.51 ± 0.01
0.53 ± 0.01

Jsc
(mA/cm2)
1.41 ± 0.11
2.91 ± 0.14
1.72 ± 0.05
1.63 ± 0.09
1.60 ± 0.02
1.57 ± 0.07
0.70 ± 0.03
5.04 ± 0.25
2.74 ± 0.08
0.85 ± 0.06
0.85 ± 0.01
7.95 ± 0.47
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FF
0.31 ± 0.01
0.31 ± 0.01
0.29 ± 0.01
0.31 ± 0.01
0.28 ± 0.01
0.25 ± 0.01
0.28 ± 0.01
0.46 ± 0.02
0.33 ± 0.01
0.34 ± 0.01
0.26 ± 0.01
0.47 ± 0.01

PCE
%
0.18 ± 0.01
0.39 ± 0.02
0.21 ± 0.01
0.23 ± 0.01
0.21 ± 0.01
0.21 ± 0.01
0.09 ± 0.01
1.26 ± 0.13
0.44 ± 0.03
0.16 ± 0.01
0.11 ± 0.01
1.98 ± 0.17

From this study we conclude that Voc of a BHJ cell can be tuned by altering acceptor
LUMO. However, it appears that other factors are far more important to the overall efficiency
of the BHJ solar cell than just the energetic relationship between the donor and acceptor.
Furthermore, for this class of materials, solubility in chlorobenzene has minimal impact on
overall device efficiency. C60-TIPS pentacene (3-28) had the lowest solubility in chhlorobenzene
but only gave moderately bad performance, in terms of efficiency. The dominating factors for
efficiency in these materials that are tested are fill factor and short circuit current. After
thermal annealing, Voc appeared to have normalized across all the acceptors. (Table 3.6) A novel
acceptor material can have perfectly tuned energy levels and solubility but if it cannot phase
separate and form discrete domains with the donor with good percolation pathways for charge
carrier mobility and charge carrier separation, the PV cell will simply not be efficient at
converting light to usable energy.
3.19 Shortcomings of acenofullerene materials:
While fullerenes and fullerene based materials are great electron acceptors, they do
have some limitations and shortcomings that are often not mentioned or emphasized by the
OPV community. One potential problem with fullerene based materials is that fullerenes
generate singlet oxygen under illumination42b and will give rise to fullerene oxides98. Fullerene
based materials also do not absorb strongly in the red region of the visible range compared to
other materials (Figure 12). Especially in comparison to pentacene based materials, which
absorb out to 700 nm or more. It is therefore important to investigate other classes of materials
as acceptors for OPV applications other than fullerene based ones.
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Figure 3-25 Differences in absorption in the UV-Vis of fullerene derivatives (PCBM)
and a pentacene derivative
The following chapters will detail the exploratory efforts at synthesizing novel
pentacene based materials for use as acceptors in BHJ OPV devices, and their characterization
and performance.
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3.20 Experimental
The overall reaction schemes for all pentacene – C60 reactions were identical: the TIPS
Pentacene and C60 were refluxed in degassed toluene for 2 hours to form a mixture of products,
and the monoadduct was isolated by silica gel chromatography. The crude product mixture was
dissolved in dichloromethane and a small amount of silica gel added. The dichloromethane was
evaporated off in a rotary evaporator and the crude product mixture adhered onto silica gel.
The crude product mixture (approximately 200-300 mg) was then loaded onto a 16 inches long
by 1 inch radius silica gel column. Unreacted C 60 was eluted first with as much as 1 L of hexanes
as a purple liquid, and the desired monoaddition product was carefully eluted with a mixture of
hexanes and dichloromethane. Acenofullerenes presented in this chapter were grown in a 2
solvent slow evaporation system with the materials initially solubilized in chlorocarbon solvent
(dichloromethane or chloroform) at room temperature. Increasing amounts of heptanes is
added, up to a 1:1 mixture of heptanes:dichloromethane, and the dichloromethane solvent is
allowed to evaporate at ambient lab conditions in a fume hood overnight. The resulting monoadduct material was always between 20-30% of the total yield. The only exception to this is C60TIPS dioxolane pentacene (3-33), which was recrystallized out of 1,2-dichloroethane. All
acenofullerene adducts were soluble enough in CDCl3 to obtain 1H and 13C NMR spectras for
confirmation of structure. To obtain a reasonable NMR for most of the materials, a small
amount of solubilizing CS2 was added, as CS2 is not present in 1H NMR and shows up outside the
range of the molecule being tested in carbon NMR. Although given the sheer number of peaks
in the carbon NMR, the proton NMR was much more informative.
General:
Bulk solvents (hexanes, dichloromethane, acetone, tetrahydrofuran, ether, methanol,
ethanol, ethyl acetate) were purchased from Pharmco-Aaper. Anhydrous THF was purchased
from Aldrich. Triisopropylsilyl acetylene was purchased from GFS Chemicals. 4-Trifluoromethyl
phthalic acid was purchased from TCI America. Silica gel 230-400 mesh was purchased from
Sorbent Technologies. All other chemicals were used as supplied from Aldrich, or prepared by
literature methods. Inconsistent fonts here
All finished and final chemical products synthesized were characterized by 1H and 13C
NMR, solution and solid state UV-Vis from 300 nm to 800 nm, MALDI mass spectra, and solution
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electrochemistry. NMR spectra were measured on Varian (Gemini 200 MHz or Unity 400 MHz)
spectrometers. Chemical shifts are reported in ppm relative to CDCl3 as an internal standard (1H
NMR: CDCl3 at 7.24 ppm; 13C NMR: CDCl3 at 77.23 ppm). UV-Vis spectra was measured on a UV2501PC Shimadzu instrument. Mass spectroscopy was analyzed in EI mode at 70 eV on a JEOL
(JMS-700T) mass spectrometer. Cyclic and Differential pulse voltammetry was carried out on a
BAS CV-50W potentiostat under a blanket of N2, at a scan rate of 50 and 20 mV/s respectively,
and Fc/Fc+ was used as an internal standard. A 0.1 M Bu4NPF6 solution in dichloromethane was
used as the supporting electrolyte solution, with a platinum button working electrode, a
platinum wire counter electrode and a silver wire pseudo-reference electrode.
TIPS Pn – C60 (3-28)
1
H NMR (200 MHz, CDCl3): δ 1.212 (m, 42H), 6.579 (s, 2H), 7.520 (dd, J = 5.6 Hz, 3.2 Hz, 4H),
7.790 (dd, J = 5.6 H, 3.2 Hz, 2H), 8.039 (dd, J = 6.4 Hz, 3.2 Hz, 2H), 9.075 (s, 2H). 13C NMR (50
MHz, CDCl3): δ 11.751, 19.184, 56.934, 72.009, 102.887, 103.265, 118.116, 126.458, 126.528,
126.668, 128.152, 128.669, 130.139, 132.491, 136.928, 137.096, 141.701, 141.883, 142.167,
142.219, 142.401, 142.485, 142.653, 142.681, 143.045, 143.766, 145.424, 145.508, 145.550,
145.886, 146.278, 146.558, 154.858, 155.082. MS (MALDI, DCTB matrix) m/z 1359 (M+).
Dicyano TIPS Pn – C60 (3-30)
1
H NMR (200 MHz, CDCl3): δ 1.210 (s, 42H), 6.602 (s, 2H), 7.515 (m, 2H), 7.601 (m, 2H), 8.550 (s,
2H), 9.204 (s, 2H).
MS (MALDI, DCTB matrix) m/z 2132 (M+).
Monocyano TIPS Pn – C60 (3-29)
1
H NMR (200 MHz, CDCl3): δ 1.217 (m, 42H), 6.543 (s, 2H), 7.533 (m, 2H), 7.772 (m, 2H), 8.049
*m, 2H), 8.433 (s, 1H), 9.042 (m, 2H). 13C NMR (50 MHz, CDCl3): δ 24.041, 27.260, 29.710,
56.962, 71.869, 101.249, 104.860, 105.126, 109.829, 118.200, 118.424, 118.704, 119.515,
125.688, 126.626, 126.780, 127.256, 127.382, 128.166, 128.404, 128.655, 130.643, 130.643,
131.161, 132.127, 132.435, 132.715, 135.976, 136.836, 137.152, 140.007, 140.245, 140.539,
140.595,141.799, 142.177, 142.247, 142.401, 142.429, 142.723, 143.031, 143.115, 143.548,
144.766, 145.130, 145.340, 145.452, 145.564, 145.760, 146.376, 146.614, 147.734. MS (MALDI,
DCTB matrix) m/z 1540 (M+).
Dioxolane TIPS Pn – C60 (3-33)
1
H NMR (200 MHz, CDCl3): δ 1.193 (m, 42H), 6.001 (d, J = 1.2 Hz, 1H), 6.067 (s, 2H), 6.110 (d, J =
1.6 Hz, 1H), 6.435 (s, 2H), 7.222 (s, 4H), 8.795 (s, 2H). 13C NMR (50 MHz, CDCl3 ): δ 11.742,
19.179, 56.993, 72.328, 101.445, 101.508, 102.803, 102.964, 103.083, 107.775, 117.235,
125.120, 129.322, 130.603, 134.679, 136.948, 137.249, 139.896, 140.218, 141.422, 141.674,
141.716, 142.073, 142.186, 142.466, 142.515, 152.613, 142.655, 142.991, 143.082, 144.748,
145.379, 145.414, 145.477, 145.540, 145.554, 145.890, 145.240, 146.240, 146.303, 146.513,
146.541, 147.227, 147.647, 148.712, 154.909, 155.133.
MS (MALDI, DCTB matrix) 727 m/z (pentacene M+), 720 m/z (C60 fullerene M+).
Dioxolane TNBS Pn – C60 (3-39)
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1

H NMR (200 MHz, CDCl3): δ 0.772 (m, 12H), 0.910 (t, J = 7.2 Hz, 18H), 1.368 (sex, J = 7.6 Hz,
12H), 1.529 (m, 12H), 6.051 (d, J = 1.2 Hz, 1H), 6.099 (s, 2H), 6.130 (d, J = 1.2 Hz, 1H), 6.382 (s,
2H), 7.240 (s, 2H), 7.252 (s, 2H), 8.737 (s, 2H). 13C NMR (50 MHz, CDCl3 ): δ 13.493, 14.207,
26.742, 16.861, 56.804, 72.195, 101.284, 101.389, 102.264, 102.929, 104.512, 107.593, 115.583,
117.067, 125.015, 128.979, 130.526, 134.357, 136.822, 137.144, 139.889, 140.085, 141.212,
141.625, 141.667, 142.010, 142.080, 142.326, 142.536, 142.550, 142.865, 142.963, 144.587,
144.601, 145.288, 145.316, 145.400, 145.428, 145.533, 146.142, 146.198, 146.401, 146.443,
147.129, 147.535, 148.565, 154.881. MS (MALDI, DCTB matrix) m/z 1532 (M+).
Dioxolane TNPS Pn – C60 (3-38)
1
H NMR (200 MHz, CDCl3): δ 0.738 (m, 12H), 0.988 (t, J = 7.2 Hz, 18H), 1.513 (m, 12H), 6.013 (d, J
= 0.8 Hz, 2H), 6.067 (s, 4H), 6.017 (d, J = 1.2 Hz, 2H), 6.370 (s, 2H), 7.219 (s, 2H), 8.735 (s, 2H). 13C
NMR (50 MHz, CDCl3 ): δ 16.53, 18.318, 18.653, 56.951, 72.307, 94.512, 101.396, 101.501,
102.376, 103.006, 104.561, 107.747, 117.165, 125.050, 129.119, 130.596134.588, 136.913,
137.214, 139.938, 140.197, 141.394, 141.702, 141.758, 142.080, 142.164, 142.424, 142.480,
142.606, 142.627, 142.970, 142.061, 144.692, 145.358, 145.414, 145.463, 145.512, 145.757,
146.205, 146.268, 146.478, 146.513, 147.213, 147.605, 148.677, 154.965, 155.007. MS (MALDI,
DCTB matrix) m/z 1447 (M+).
Dioxolane TIBS Pn – C60 (3-36)
1
H NMR (200 MHz, CDCl3): δ 0.973 (d, J = 7.2 Hz, 12H), 1.045 (m, 36H), 1.989 (sept, J = 6.4 Hz,
6H), 6.034 (s, 2H), 6.092 (s, 4H), 6.133 (s, 2H), 6.420 (s, 4H), 8.791 (m, 4H). 13C NMR (50 MHz,
CDCl3 ): δ 25.483, 25.665, 26.700, 56.696, 72.345, 101.431, 101.529, 102.971, 105.490, 107.744,
117.332, 120.103, 125.016, 129.467, 130.643, 134.744, 136.998, 137.250, 140.049, 140.147,
141.379, 141.757, 142.135, 142.219, 142.471, 142.555, 142.667, 143.031, 143.101, 144.738,
145.424, 145.578, 145.858, 146.236, 146.306, 146.530, 147.230, 147.636, 148.713, 155.012,
155.054. MS (MALDI, DCTB matrix) m/z 1531 (M+).
Dioxolane TNHS Pn – C60 (3-40)
1
H NMR (400 MHz, CDCl3): δ 0.728 (m, 12H), 0.814 (m, 18H), 1.239 (m, 24H), 1.317 (m, 12H),
1.475 (m, 12H), 6.018 (t, J = 1.2 Hz, 4H), 6.417 (s, 4H), 7.269 (d, J = 8.0, 4H), 8.772 (s, 4H). 13C
NMR (100 MHz, CDCl3 ): δ 13.767, 22.949, 24.517, 31.879, 33.517, 57.046, 72.457, 129.187,
130.629, 134.688, 136.956, 137.306, 140.091, 140.273, 141.505, 141.771, 141.869, 142.163,
142.247, 142.555, 142.583, 142.737, 143.073, 144.780, 144.822, 145.466, 145.440, 145.592,
145.620, 145.802, 146.320, 146.376, 146.572, 146.614, 147.328, 147.734, 148.811, 144.152,
144.222. MS (MALDI, DCTB matrix) 978 m/z (pentacene M+) , 720 m/z (C60 fullerene M+).
Dibutyl Dioxolane TIPS Pn – C60 (3-32)
1
H NMR (400 MHz, CDCl3): δ 0.848 (m, 20H), 1.192 (m, 46H), 1.934 (m, 12H), 6.439 (s, 2H), 7.151
(s, 2H), 7.162 (s, 2H), 8.802 (s, 2H). 13C NMR (100 MHz, CDCl3 ): δ 11.751, 11.201, 19.170,
23.005, 24.965, 38.220, 38.416, 57.074, 101.949, 102.439, 106.918, 117.052, 121.755, 124.638,
129.061, 130.643, 133.652, 136.928, 137.180, 139.867, 140.161, 141.337, 141.687, 142.093,
142.205, 142.471, 142.583, 143.059, 144.780, 145.354, 145.508, 145.984, 146.236, 146.320,
146.530, 147.664, 147.860, 149.903, 155.138, 155.488. MS (MALDI, DCTB matrix) m/z 1671
(M+).
Dioxane TIPS Pn – C60 (3-31)
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1

H NMR (200 MHz, CDCl3): δ 1.162 (m, 42H), 4.252 (m, 3H), 4.335 (m, 6H), 6.371 (s, 2H), 7.205 (s,
1H), 8.796 (s, 2H). 13C NMR (50 MHz, CDCl3 ): δ 11.723, 19.184, 56.304, 64.619, 64.745, 72.191,
73.157, 73.171, 102.691, 103.083, 111.929, 115.610, 117.416, 120.089, 120.117, 124.652,
129.257, 129.593, 133.968, 136.900, 137.292, 139.895, 140.175, 141.421, 141.659, 141.715,
142.065, 142.163, 142.471, 142.527, 142.555, 142.611, 142.961, 143.101, 144.738, 145.200,
145.354, 145.438, 145.494, 145.564, 145.956, 146.194, 146.264, 146.474, 146.502, 147.622,
154.970, 155.236.
MS (MALDI, DCTB matrix) m/z 1474 (M+).
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Chapter 4 Nitrogen based electron withdrawing groups on a pentacene core
4.1 Introduction
The majority of organic semiconducting materials reported in recent literature are ptype (hole transporting) materials. A significantly smaller percentage of novel n-type (electron
transporting) materials are reported. This dearth of high performing, stable n-type acceptor
materials is mostly due to the fact that organic radical anions are generally unstable at ambient
operating conditions, reacting readily with atmospheric oxygen and moisture.99
The general strategy for synthesis of acceptors involves attachment of electron
withdrawing groups to known p-type material cores. Nitrile groups are strongly electron
withdrawing and nitrile substitution has been shown to give p-type materials n-type
characteristics.100 Some small molecule examples are rylene diimides such as perylene
diimides,101 naphthalene diimides102 and thiophenes,103 as well as acenes.104 Nitrile substitution
leads to an increase in the electron affinity of the material and lowers the LUMO energy level, as
well as extending conjugation to slightly increase the HOMO and shortening Egap. Cyanation also
has a favorable impact on the internal reorganization energy of the parent molecule.105
Furthermore, cyanation has interesting effects on π-stacking of the molecules. Cyano
substituted acenes have dipole-dipole interactions (CN…H) between cyano groups on
neighboring molecules that could promote crystal packing into more favorable π stacking
arrangements.106 A number of cyano-pentacenes were prepared and tested to ascertain their
viability and performance as acceptors in BHJ solar cells.
Traditional methods of preparing aromatic nitriles require harsh conditions, such as
those in the Sandmeyer reaction,107 or the Rosenmund-von Braun reaction.108 The Sandmeyer
reaction is a reaction between an arenediazonium salt and CuCN to form an aryl nitrile in the
presence of a concentrated acid. In the Rosenmund-von Braun reaction, an aryl halide reacts
with KCN and catalytic CuCN at around 200 °C to form an aryl nitrile. Palladium catalyzed
cyanation of aryl halides, in contrast, occurs under mild conditions.109 For example,
tetrakis(triphenylphosphine)palladium(0) catalyzed cyanation of iodonaphthalene occurs with
potassium cyanide and CuI as cooperative catalyst at 65°C in good yield. 110
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The synthesis of some cyano-pentacene derivatives had been reported, starting from
bromo-pentacene precursors.111 Cyanation of bromo-pentacenes by a Pd(0) catalyst only
occurred under harsh conditions and in small batches using a microwave reactor.112 Previously,
sufficient quantities could not be synthesized for practical use and testing in devices.
4.2 Cyano-pentacenes from iodo-pentacene precursors
Aromatic iodides are generally more reactive toward Pd-catalyzed coupling reactions
than aromatic bromides and chlorides, such that cyanation of an iodopentacene precursor
would be higher yielding under milder conditions. However, the iodination of organic molecules
using elemental iodine is difficult, compared to chlorination and bromination. Direct iodination
of aromatic compounds with iodine usually requires activation for electrophilic aromatic
iodination to be effective113. Direct iodination of an aromatic compound with electron
withdrawing groups can proceed under the presence of strongly eletrophilic I+ reagents. 114
Polyiodination of phthalimide occurrs with I2 in the presence of oleum (fuming sulfuric acid) and
heating.115 Neckers et al uses this to method to obtain 4,5-diiodobenzene-1,2-dicarbaldehyde
(4-6), starting from commercially available and inexpensive phthalimide (4-1). 116 Using a
modification of the methods reported by Neckers et al, a synthetic route was devised to obtain
2,3 diiodo-pentacene quinone (4-8) and 2,3,9,10 tetraiodo-pentacene quinone (4-10).
Pentacenes with single iodo substituents at either the 1- or 2-positions were also synthesized
using alternate routes. The iodopentacenes were converted into their respective
cyanopentacenes using palladium catalyzed cyanation.
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Figure 4-1 Synthesis of diiodo- and tetraiodopentacene quinone
(a) I2, 30% oleum, 80 °C (b) 10% KOH, reflux (c) HCl, MeOH (d) oxalyl chloride, DMSO, NEt3 (e) (f)
10% NaOH
Iodination of phthalimide (4-1) proceeded with I2, in oleum at 60°C, and hydrolysis
yielded the dicarboxylic acid (4-3). Fischer esterification of the dicarboxylic acid with methanol
in the presence of concentrated HCl gave the dimethyl ester (4-4). Reduction with DIBALH
converted the dimethyl ester to the dimethanol (4-5), which was then oxidized to the
dicarboxaldehyde (4-6) via Swern oxidation. Four-fold Aldol condensation between 4-6 and 1,4
cyclohexanedione (4-9) yielded the tetraiodo-pentacenequinone (4-10) and two-fold Aldol
condensation between 4-6 and 1,4 dihydroxyanthracene (4-7) yielded diiodo-pentacenequinone
(4-8).
Various trialkylsilylethnyl groups were added to make the substituted iodo-pentacenes.
Starting from an iodo-pentacene precursor, cyanation occurred under mild reaction conditions
in moderate yields on gram-scale batches.
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Figure 4-2 Synthesis of cyanopentacenes from iodopentacene quinones
(a) Lithium acetylide in hexanes (b) SnCl2*2H2O, 10% HCl (c) KCN, (PPh3)4Pd, CuI, THF
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2-Monocyano-pentacenes were synthesized starting from commercially available iodoxylene (4-21), brominating with NBS in dichloroethane to obtain bis(bromomethyl)iodobenzene
(4-22). Reaction of 4-22 with potassium acetate in DMF yielded the diacetate (4-23), which was
saponified to the diol (4-24) and then oxidized via Swern oxidation to the desired
dicarboxyaldehyde (4-25). Reaction of 4-25 with 1,4 dihydroxyanthracene (4-7) in a two-fold
Aldol-condensation yielded the 2-iodo-pentacenequinone (4-27).
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Figure 4-3 Synthesis of 2-iodo-pentacenequinone
(a) NBS, AIBN, 1,2-dichloroethane (b) KOAc, DMF (c) K2CO3, MeOH (d) oxalyl chloride,
DMSO, NEt3 (e) 10% NaOH
A number of trialkylsilylethnyl groups were added to make the substituted iodopentacenes. Starting from an iodo-pentacene precursor, cyanation occurred under mild
reaction conditions similar to the reactions of dicyano and tetracyano-pentacenes.
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Figure 4-4 synthesis of 2-cyano-pentacenes
(a) Lithium acetylide in hexanes (b) SnCl2*2H2O, 10% HCl (c) KCN, (PPh3)4Pd, CuI, THF
For a material to be used as a drop in replacement for PCBM in a P3HT-based BHJ cell,
the expected LUMO value should be compatible with P3HT as a donor. However, to maximize
Voc, acceptors of various different LUMO values should be tested to optimize efficiency. For this
reason, mono-, di- and tetra- substituted cyano-pentacenes were all tested to tune V oc.
Various different trialkylsilylethynyl substitutions were tested on these cyanopentacenes to attempt to get materials with different crystal packing. Electronic performance
of organic semiconductors depends on their solid state packing, since there must be strong
electronic coupling between neighboring molecules for the material to behave as a
semiconductor; carbon atoms on the conjugated acene faces must be within van der Waals
radius of neighboring molecules for excellent intermolecular charge transfer.
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4.3 Crystal Packing
In general, planar (or near planar) PAH molecules only pack in a limited number of well
defined structural motifs - herringbone, sandwich herringbone, β and γ. The herringbone
packing motif is dominated by edge to face interactions from adjacent molecules, with the
resulting macro packing motif resembling the zig-zag shape of herringbone patterned fabric.
Sandwich herringbones are molecular pairs that are organized in a herringbone pattern. γ is
defined as a flattened herringbone in which the main intermolecular interactions are face-to-

Figure 4-5 Crystal packing of planar polycyclic aromatic hydrocarbons
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face between parallel translated molecules. β consists of layers of graphitic planes.
Acenes and heteroacenes that have thus far proven to be desirable organic
semiconducting materials adopt either the “herringbone” or “π-stack” arrangements (Figure 46). The reason that these two particular
arrangements exhibit higher charge carrier
mobilities is hypothesized to be that these
two arrangements yield strong
intermolecular overlap. 95b We refer to
these packing arrangements as 1D or 2D
depending on the proximity of the
conjugated acene faces to neighboring
molecules. In a 2D π stack, charge carrier
movement can occur in 2 different
directions. In a material that adopts a 1D
packing motif, charge carriers may only
travel in one direction because other
neighboring acene faces are out of van der
Figure 4-6 Herringbone (top) and π stacking
(bottom) arrangements

Waals radius of each other.

A number of different intermolecular forces affect the crystal packing of a material.
These forces include π-π interactions, CH…π interactions, with cyano-pentacenes having
additional weak CH…N hydrogen bonding interactions. Small changes in the molecular structure
can alter the resulting crystal packing of the material. Many acenes adopt herringbone packing
motifs due to π orbital repulsion and weak hydrogen bonding CH …π interactions on neighboring
molecules117. Chemical modification of acenes can overcome π orbital repulsions with other
intermolecular interactions. For example, the introduction of alkynyl groups onto unsubstituted
pentacene can change a herringbone packing material into a 2D π-stacking material118.
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4.4 Cyano-Pentacene Materials Characteristics
The majority of the cyanopentacenes studied here adopted one of three predominant
packing motifs. They can be categorized as 2D π-stack, 1D “sandwich herringbone”, and 1D γ,
which we also referred to a 1D “slipped stack”. The only oddity that cannot be thus far easily
characterized was the 2-monocyano TNPS pentacene, which adopted an arrangement similar to
a sandwich herringbone, which we refer to as a “double sandwich herringbone” packing motif.
2D π stack

Figure 4-7: 2D “brickwork” π stacking arrangement of dicyano TIPS pentacene (4-12)
Dicyano TIPS-pentacene (4-12), dicyano-TIBS-pentacene (4-14) and monocyano-TNBSpentacene (4-25) all adopted a 2D brickwork-like π stack. In this packing arrangement, the
acene faces are laid out in close proximity to one another in a face to face fashion.
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4.5 1D “Sandwich Herringbone”
Dicyano-TCPS-pentacene (4-16), dicyano-TCHS-pentacene (4-18) and monocyano-TCPSpentacene (4-33) crystals were found to adopt a 1D sandwich herringbone packing motif. As
viewed from the short axis, the packing consists of pairs of acenes sandwiched between
perpendicular pairs, forming an overall herringbone pattern. In this packing arrangement, each
acene pair continues down (or up) perpendicular to the plane of the pages in a series of acene
“tubes”. The dimer molecules form face-to-face π interactions in a slipped manner.

Figure 4-8 Dicyano TCPS Pentacene (4-16) sandwich herringbone packing motif
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4.6 1D herringbone packing motif

Figure 4-9 1D herringbone (4-20)
Tetracyano-TIPS-pentacene (4-20) and monocyano-TIPS-pentacene (4-29) adopted a 1D
herringbone packing motif. Tetracyano-pentacenes as a class were unstable in solution or as
amorphous solids at ambient laboratory conditions. Within fifteen minutes of exposure to
ambient laboratory light, the desired green chromophore can be observed to photobleach into a
yellow compound – most likely a dimer product that has a yellow anthracene chromophore119.
TIPS-tetracyano-pentacene was the most stable amongst the numerous different tetracyanopentacenes that were synthesized.
TCPS tetracyano-pentacene was also minimally stable and careful manipulation allowed
a small amount of crystals to be grown, which were shown to pack in a 1D herringbone or
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“slipped stack” packing motif. All other tetracyano-pentacenes decomposed. Unfortunately,
there was an insufficient amount of stable crystals of the TCPS derivative for testing.
Furthermore, a material that photo-decomposes in a short period of time is likely unsuitable for
photovoltaic applications.
No crystal structure is available for monocyano TIBS pentacene (4-31), as the crystals
were too disordered for single crystal x-ray analysis.

Figure 4-10 Monocyano TNPS Pentacene (4-35)
Monocyano TNPS pentacene (4-35) packed in a manner dissimilar to all other cyanopentacenes. The packing is similar to a sandwich herringbone packing, with a pair of acenes as
the center of the “sandwich” pair, and with the overall packing resembling the V of a
herringbone. However, the pair of acenes in the center do not face each other as they do in a
normal “sandwich herringbone”, and are roughly parallel to each other. We call this type of
packing “double sandwich herringbone.”
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Figure 4-11 Double sandwich herringbone packing of monocyano TNPS pentacene (4-35)
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4.7 Electronic properties of cyano-pentacenes
Electrochemical and UV-Vis studies of all dicyano-pentacenes showed that the entire
series of materials exhibited similar HOMO-LUMO energy levels as well as solution UV-Vis
absorptions. The only electronic differences come from the solid state UV-Vis absorptions from
drop cast films of the materials. All 2-cyano-pentacenes tested also shared virtually identical
HOMO/LUMO and solution gap values. It can be concluded that trialkylsilyl substitution with
linear, cyclic or branched chain alkanes does not change the energy levels of the parent
molecule. This data is summarized in table 4.1.
Table 4.1 Electrochemical properties of cyano-pentacenes
Material
DiCN TIPS Pentacene (4-12)
DiCN TIBS Pentacene (4-14)
DiCN TCPS Pentacene (4-16)
DiCN TCHS Pentacene (4-18)
2-MonoCN TCPS Pentacene (4-33)
2-MonoCN TIPS Pentacene (4-29)
2-MonoCN TIBS Pentacene (4-31)
2-MonoCN TNPS Pentacene (4-35)
Tetracyano TIPS pentacene (4-20)

HOMO
(eV)
-5.44
-5.44
-5.47
-5.45
-5.31
-5.29
-5.33
-5.32
-5.79

LUMO
(eV)
-3.63
-3.64
-3.64
-3.63
-3.50
-3.50
-3.48
-3.56
-3.90
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E Gap
1.82
1.80
1.82
1.82
1.81
1.79
1.85
1.76
1.89

E Gap (optical,
solution)
1.74
1.74
1.74
1.74
1.82
1.82
1.81
1.82
1.76

Solution lamda
max (nm)
713
712
714
715
683
683
684
681
702

4.8 Cyano-pentacene device performance
Table 4.2 P3HT/cyano-pentacenes device summary
Material

Packing

LUMO

Voc (V)

Tetracyano TIPS pentacene (420)
DiCN TIPS Pentacene (4-12)
DiCN TIBS Pentacene (4-14)

1D γ

-3.90

2D
2D
Sandwich
herringbone
Sandwich
herringbone
1D γ

DiCN TCPS Pentacene (4-16)
DiCN TCHS Pentacene (4-18)
2-MonoCN TIPS Pentacene (429)
2-MonoCN TIBS Pentacene (431)
2-MonoCN TCPS Pentacene (433)
2-MonoCN TNPS Pentacene (435)

FF

PCE

0.48

Jsc
2
(mA/cm )
0.38

0.35

0.05

-3.63
-3.64
-3.64

0.28
0.48
0.60

0.11
0.28
1.69

0.26
0.35
0.39

0.01
0.04
0.33

-3.63

0.60

0.48

0.28

0.07

-3.50

0.80

1.27

0.34

0.34

1D γ

-3.48

0.80

0.71

0.35

0.20

Sandwich
herringbone
Double sandwich
herringbone

-3.64

0.84

1.93

0.33

0.44

-3.56

0.84

0.75

0.40

0.25

The initial device survey of mono-, di- and tetra- substituted cyano-pentacenes,
performed in the Malliaras group at Cornell University, showed a strong correlation between V oc
and acceptor LUMO. Acceptors with lower lying LUMOs performed significantly poorer in V oc.
Materials with mono substitution significantly outperformed di- and tetra- substituted
cyanopentacenes. Amongst materials of the same LUMO levels, cyanopentacenes that showed
1D or 1D “sandwich herringbone” packing motifs outperformed materials that pack in a 2D π
stack.
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At the start of this project, the performance of P3HT/cyano-pentacene BHJ cells was
extremely low, with very low Jsc. This problem can be attributed to the fact that small molecule
acenes have a tendency to form large crystalline aggregates when spin cast in certain
conditions. An exaggerated example of this can be seen in Figure 11, where 2,3 dicyano TIPS
pentacene (4-12) is mixed with P3HT in a 2.5 to 1 ratio by weight. Micron sized crystals of the
pentacene material can be seen under the microscope. This jagged surface is problematic
because the top contact electrode cannot be evaporated onto the substrate smoothly. There is
also insufficient contact between islands of crystals in the active layer and the photovoltaic
devices shorted. Because the crystalline domains of pentacene are so large, exciton diffusion to
heterojunctions between donor and acceptor is also significantly limited.
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Figure 4-12 P3HT:DiCN-TIPS-Pentacene (4-12) blend (1:2.5 by weight) (Photo courtesy of Mr.
Yee-Fun Lim, Cornell University)
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Figure 4-13 P3HT:TetraCN-TIPS-pentacene (4-20) blend (1:2.5 by weight)
(Photo courtesy of Mr. Yee-Fun Lim, Cornell University)
P3HT/2,3,9,10 tetracyano-TIPS-pentacene (4-20) had similar issues (Figure 12).
Furthermore, while P3HT/PCBM BHJ cells benefit from thermal annealing near the polymer
melting point,71b P3HT/cyano-pentacene cell PV performance deteriorates with thermal
annealing. During thermal annealing, crystalline P3HT fibrils form,120 P3HT and PCBM
nanodomains become more crystalline and efficiency is increased.121 However, pentacene
domains that become more crystalline would only be problematic and lead to decreases in
device performance and sometimes device failure. The suppression of pentacene crystallinity
during device fabrication to obtain a nanocrystalline spin cast material is necessary to achieve
high performing photovoltaic cells.
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4.9 Device processing improvements
Because thermal annealing is not available as a post processing treatment to improve
active layer morphology and improve Jsc and efficiency for P3HT/cyanopentacene systems, we
must look towards other methods. With polymer/PCBM OPV cells, another method of device
efficiency improvement is by changing the solvent used to spin cast the active layer. By using a
solvent blend system, active layer morphology and device efficiency can be improved from cells
spun cast from a single solvent.122 Solvent blends did not have any impact on the photovoltage
but rather on the photocurrent and fill factor due to the morphological improvements on the
active layer.122 Using a small amount of alkanethiols as a processing additive also was shown to
improve device efficiency to give one of the most efficient P3HT/PCBM devices.123 It is proposed
that the reason that alkanethiol additives give improved efficiencies arises from the fact that the
donor and acceptor have varying solubilities in the solvent additive.27 Rather than forming finely
dispersed PCBM domains, PCBM clusters form in the presence of an alkanethiol additive in
dichlorobenzene for a more optimized active layer morphology.
Another method of manipulating the processing conditions to optimize P3HT/PCBM
devices comes from optimizing the donor and acceptor loading of the active layer. The highest
efficiencies seem to arise from a rather low fullerene loading with respect to P3HT.71b A
P3HT/PCBM ratio of 1 to 0.8 or less is optimal for that particular system. Our collaborator Mr.
Yee-Fun Lim found that a P3HT/PCBM loading of 1 to 0.4 was most optimal for thermally
annealed BHJ cells. While this system is optimized for P3HT/PCBM, it would make sense that this
is not necessarily optimal for P3HT/cyanopentacene systems.
We chose to optimize 2-monocyano TCPS pentacene (4-33), as it is one of the highest
Voc as well as Jsc materials in the initial cyanopentacenes batch that was screened. A wide
variety of solvent mixtures and additives were screened. Octanedithiol and 1,8-diiodooctane
solvent additives, known materials to work in P3HT/PCBM systems in the literature was
attempted as additives in toluene, but yielded device efficiencies of only 0.01%. A solvent
mixture of 10:3 chloroform and toluene was attempted with efficiencies of 0.09%. We also tried
additives of tetralin, anisole, butyl acetate and dioxane in toluene (3:10 solvent ratio), all of
which failed to give device improvements. These solvent mixtures formed films that had large
crystalline pentacene domains that were visible to the naked eye. The best devices had
efficiencies of 0.19% PCE. Using increasing amounts of chlorobenzene and dichlorobenzene,
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there was an improvement in the photocurrent (Table 4.3). However, switching to a pure
dichlorobenzene solvent system, efficiencies dropped off again down to 0.25% PCE. The data
are summarized in table 4.3.
Table 4.3 Device processing improvements by altering the spin casting solvent systems for 2monocyano TCPS pentacene (4-33). CB = chlorobenzene, DCB = ortho-dichlorobenzene
Donor/Acceptor ratio
Solvent System
Voc (V)
Jsc (mA/cm2)
FF
PCE (%)
1 : 0.4

Toluene

0.54

1.79

0.31

0.30

1 : 0.4

10:1 Toluene:CB

0.64

1.67

0.33

0.35

1 : 0.4

10:2 Toluene:DCB

0.84

2.12

0.37

0.66

1 : 0.4

10:3 Toluene:DCB

0.84

2.91

0.34

0.82

AFM images of P3HT/2-cyano-pentacene (4-33) blends in pure toluene, dichlorobenzene
and 10:3 toluene:dichlorobenzene blends were taken. The morphology of the active layer in
pure toluene was significantly rougher with discrete crystalline domains (Figure 4-13 right). In
contrast, the active layer as spin cast from pure dichlorobenzene was extremely smooth.

Figure 4-14 Atomic force microscopy (AFM) images of active layers spin-coated from DCB
(left, RMS roughness = 7 nm) and toluene (right, RMS roughness = 22 nm). (Images courtesy
of Mr. Yee-Fun Lim, Cornell University)
AFM images of P3HT/2-monocyano-pentacene (4-33) in the optimized solvent blend of
10:3 toluene to dichlorobenzene showed improved morphology from that of pure toluene and
pure DCB. With this solvent blend, we were able to suppress the formation of large crystals that
we saw with toluene blended films. The film is still relatively smooth with low roughness (RMS =
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9.1 nm), but with uniform grain sizes rather than the totally amorphous films of pure
dichlorobenzene.

Figure 4-15 Atomic force microscopy (AFM) images of active layers spin-coated from 10:3
toluene:dichlorobenzene. (Image courtesy of Mr. Yee-Fun Lim, Cornell University)
While perfecting the solvent system used to spin cast P3HT/2-monocyano TCPS
pentacene, we used a donor/acceptor loading ratio of 1 to 0.4, which was optimized for
P3HT/PCBM systems. Previously, large crystalline domains rather than a smooth film of
nanocrystalline domains would form with higher pentacene acceptor loading. With the
optimized solvent mixture system that now suppresses this crystallization, increasing the
acceptor loading was attempted. The most optimal D/A ratio appears to be 1 to 1 for P3HT/2cyano TCPS pentacene (Table 4.4).
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Table 4.4 Device processing improvements with D:A ratios for 2-monocyano TCPS pentacene
(4-33)
Donor/Acceptor ratio
Solvent System
Voc (V)
Jsc (mA/cm2)
FF
PCE (%)
1:1

Toluene

0.84

1.83

0.46

0.70

1:1

10:3 Toluene:DCB

0.84

2.86

0.46

1.10

1 : 1.5

10:3 Toluene:DCB

0.84

1.78

0.48

0.72

The highest efficiency BHJ cell set that we were able to fabricate reached over 1.5%
efficiency (Figure 12), with an average efficiency around 1.2%.

Figure 4-16 IV curve of P3HT/2-MonoCN TCPS pentacene (4-33) BHJ solar cell with over 1.5%
efficiency (Image courtesy of Mr. Yee-Fun Lim, Cornell University)
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4.10 Peri cyano-pentacenes
Thus far in the chapter, the nitrile functionalizations of pentacenes have been in the
pro-cata (2, 3, 9, 10) positions on pentacene. It was previously estimated that pro-cata end
substitution is superior for reducing reorganization energy.105 However, there is some evidence
to suggest that site-specific substitution at the peri vs the pro-cata positions on pentacene
would lead to differing electronic properties of the materials124. Also, peri- substitution on
acenes will generally disrupt the edge to face herringbone packing seen in some pentacenes41a.
It is of interest to see how peri- substituted pentacenes pack in the solid state as well as how
their electronics will differ from pro-cata substituted cyano-pentacenes.
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Figure 4-17 Synthesis of peri substituted monocyano-pentacenes
(a) Lithium acetylide in hexanes (b) SnCl2*2H2O, 10% HCl (c) KCN, (PPh3)4Pd, CuI, THF
A series of 1-monocyano-pentacenes were synthesized, starting from commercially
available 3-iodo-o-xylene (4-36). A Cava reaction between 1,4 anthraquinone and the
tribromide (4-37) resulted in the 1-iodo-pentacene quinone (4-38). Addition of lithium acetylide
followed by deoxygenation with SnCl2/H+ gave the resulting trialkylsilylethynyl substituted iodopentacenes. Iodo-pentacene was reacted with a Pd(0) catalyst and KCN to give the 1-cyanopentacenes.
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4.11 Peri cyano-pentacenes results
There were no discernible differences in the HOMO and LUMO energy levels of the 1cyano-pentacenes compared to the 2-cyano-pentacenes measured by solution electrochemistry.
There was also no difference in energy gap between the two classes of cyano-pentacenes as
measured by solution UV-Vis. None of the 1-cyano-pentacenes grew suitable crystals for single
crystal x-ray analysis. The crystals were too small and grew in starburst patterned clusters.
Table 4.5 Solution electrochemistry of 1-monocyano-pentacenes
Material

HOMO

LUMO

E Gap

E Gap (optical,
solution)

Solution
λmax (nm)

1-MonoCN TIPS Pentacene (4-40)

-5.34

-3.50

1.84

1.81

684

1-MonoCN TIBS Pentacene (4-42)

-5.35

-3.47

1.88

1.81

686

1-MonoCN TNPS Pentacene (4-46)

-5.33

-3.47

1.86

1.81

686

1-MonoCN TCPS Pentacene (4-44)

-5.33

-3.44

1.89

1.81

684

Photovoltaic devices from the 1-cyano-pentacenes were unremarkable (Table 4.6).
However, the similarity of Voc in these devices to the 2-cyano-pentacenes agrees with
electrochemistry and solution UV-Vis data. Although the TCPS derivative (4-44) did give the
highest efficiency in this group, no structure-performance correlation can be postulated due to
the lack of crystal structure data. For cyanopentacenes, there appears to be little advantage to
1- vs 2- cyano substitution.
Table 4.6 P3HT/1-cyano-pentacene device data
Material
1-MonoCN TIPS Pentacene (4-40)
1-MonoCN TIBS Pentacene (4-42)
1-MonoCN TCPS Pentacene (4-44)
1-MonoCN TNPS Pentacene (4-46)

2

Voc (V)
0.80
0.78
0.82
0.84

Jsc (mA/cm )
0.24
0.80
1.26
0.72
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FF
0.38
0.33
0.45
0.34

PCE
0.07
0.21
0.46
0.21

4.12 Nitro Pentacenes

Figure 4- 18 Synthesis of 2-nitro pentacenes
(a) NBS, AIBN, 1,2-dichloroethane, reflux (b) KI, DMF, 90 ˚C (c) Lithium acetylide in hexanes (d)HI
Nitro groups are even more strongly electron withdrawing than nitrile groups. Because
mono substitution seemed to work best for more efficient devices, only mono- substituted nitro
pentacenes were synthesized. Starting from commercially available nitro xylene (4-45), mono
nitro pentacene quinone (4-47) was synthesized via Cava reactions. Addition of lithium
acetylide, followed by deoxygenation with HI yielded the final products. Because nitro groups
are prone to reduction to anilines using the SnCl2/H+ method, reductive deoxygenation occurred
using HI instead.
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TIPS 2-nitro pentacene
TIPS 2-nitro pentacene (4-48) adopted a 2D brick work π stack similar to that of 2,3
dicyano TIPS pentacene.

Figure 4-19 TIPS 2-nitro pentacene (4-48) thermal ellipsoid (above) and 2D "bricklayer" pi
stack packing motif of 2-nitro TIPS pentacene (4-48) (below)
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TES 2-Nitro Pentacene
TES 2-nitro pentacene (4-49) crystals were highly disordered and did not refine well.

Figure 4- 20 Synthesis of 1-nitro pentacenes
(a) NBS, AIBN, 1,2-dichloroethane, reflux (b) KI, DMF, 90 ˚C (c)HI
Starting from commercially available nitro xylene (4-50), 1-nitro pentacene quinone (452) was synthesized via Cava reactions. Addition of lithium acetylide, followed by
deoxygenation with HI yielded the final products. Because nitro groups are prone to reduction
to anilines using SnCl2/H+ method, reductive deoxygenation occurred using HI instead.
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4.13 Peri nitro-pentacenes
TIPS 1-nitro pentacene (4-53)
The crystal structure of this material is unsolved.
TIPS 1-nitro pentacene – Triskelion TIPS (4-53)
During the synthesis of TIPS 1-nitro pentacene (4-53), a sizeable green byproduct was
formed and visible on TLC closely preceeding that of TIPS 1-nitro pentacene (4-53). After
isolation of this spot by silica gel column chromatography, this material was found to be 1-nitro,
2, 6, 13, tris-TIPS pentacene (4-54), confirmed by NMR, mass spectroscopy and single crystal xray analysis. The addition of lithium
TIPS acetylide to the 2-position of the
nitro pentacene in this unusual
manner is similar to the 1,4 conjugate
addition of a nucleophile to an α, β
unsaturated carbonyl in a Michael
addition. 125 This triskelion readily
crystallized and it packs in a 1D
slipped stack motif. A triskelion is a
symbol or motif with 3 protrusions
and a 3 fold rotational symmetry.
Figure 4-21 1-nitro triskelion TIPS pentacene thermal
ellipsoid

While 4-53 is not a true triskelion, it is
referred to as such because the
pentacene has 3

triisopropylsilylacetylenes attached to it.
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Fig. 4-22. 1D “slipped stack” packing of 1-nitro triskelion TIPS pentacene (4-53)
Mono-nitro substitution gave somewhat lower LUMO values than mono-nitrile
substitution. Pro-cata substituted nitro pentacenes appear to have slightly lower lying LUMOs
than the peri-nitro pentacene. Triskelion 1-nitro TIPS pentacene has a lower lying LUMO than all
other nitro pentacenes synthesized – likely due to the extended conjugation from the additional
trialkylsilylethnyl substitution on the 2 position.
Table 4.7 Nitro pentacenes electrochemistry and UV-Vis data
Material
2-nitro TIPS Pentacene (4-48)
2-nitro TES Pentacene (4-49)
1-nitro TIPS Pentacene (4-53)
1-nitro Triskelion-TIPS (4-54)

HOMO
(eV)
-5.34
-5.34
-5.34
-5.35

LUMO
(eV)
-3.55
-3.58
-3.52
-3.61

E Gap
1.79
1.76
1.82
1.74

Egap (optical,
solution)
1.73
1.68
1.73
1.78

Solution λ
max (nm)
716
737
715
695

The performance of nitro pentacenes in BHJ cells with P3HT as the donor showed a
similar trend as seen in the mono-nitriles. The 1D π-stacked material outperformed the material
that packed in 2D stacks. The Voc of P3HT/nitro pentacenes were lower than that of
P3HT/cyano-pentacenes, likely because of lower acceptor LUMO. Overall the performances of
nitro pentacenes were unexceptional for OPV applications.
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Table 4.8 Nitro pentacenes BHJ photovoltaic device performance
Material

Packing

Voc (V)

2-nitro TIPS Pentacene (4-48)
2-nitro TES Pentacene (4-49)
1-nitro TIPS Pentacene (4-53)
1-nitro Triskelion-TIPS (4-54)

2D
N/A
N/A
1D

0.66
0.52
0.58
0.66

Jsc
2
(mA/cm )
0.53
0.42
0.29
1.52

FF

PCE

0.27
0.36
0.33
0.28

0.10
0.08
0.06
0.28

4.14 Conclusions
Cyanation and nitration of pentacene cores lowered the HOMO and LUMO
energy of the parent acene. Both cyano-pentacenes and nitro-pentacenes are viable acceptors
in photovoltaic devices with P3HT as the donor. In addition, cyanation and nitration of the
pentacene core shortens the HOMO-LUMO energy gap slightly. We found that monosubstitution of pentacene gave the highest performing acceptors tested, with high open circuit
voltage.
While a variety of three dimensional crystal packing was exhibited by the electron
deficient pentacenes, materials that adopt the 1D “sandwich herringbone” packing
outperformed all other analogous materials with different packing. In particular, materials that
pack in a 2D π-stack are readily outperformed by most other 1D π-stacking materials. The
efficiencies of P3HT/pentacene OPV cells can be improved by changing the device fabrication
process to suppress massive crystallization of the pentacene and to achieve a more uniform
film. A maximal power conversion efficiency of 1.52% was obtained for 4-33 after changing the
spin casting solvent to 10:3 toluene:dichlorobenzene and the composition of the spin casting
solution to a 1 to 1 mixture of donor and acceptor.
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4.15 Experimental
General:
Bulk solvents (hexanes, dichloromethane, acetone, tetrahydrofuran, ether, methanol,
ethanol, ethyl acetate) were purchased from Pharmco-Aaper. Anhydrous THF was purchased
from Aldrich. Triisopropylsilyl acetylene was purchased from GFS Chemicals. 4-trifluoromethyl
phthalic acid was purchased from TCI America. Silica gel 230-400 mesh was purchased from
Sorbent Technologies. All other chemicals were used as supplied from Aldrich, or prepared by
literature methods.
All finished and final chemical products synthesized were characterized by 1H and 13C
NMR, solution and solid state UV-Vis from 300 nm to 800 nm, EI or MALDI mass spec, and
solution electrochemistry. Select compounds were further characterized via DSC and elemental
analysis.
NMR spectra were measured on Varian (Gemini 200 Mhz or Unity 400 MHz)
spectrometers. Chemical shifts are reported in ppm relative to CDCl3 as an internal standard (1H
NMR: CDCl3 at 7.24 ppm; 13C NMR: CDCl3 at 77.23 ppm). UV-Vis spectra was measured on a UV2501PC Shimadzu instrument. Mass spectroscopy was analyzed in EI mode at 70 eV on a JEOL
(JMS-700T) mass spectrometer. GC-MS data were collected using an Agilent technologies
6890N GC with 5973 MSD, or a Hewlett-Packard G1800A GCD system. Melting and
decomposition points were determined by differential scanning calorimetry on a TA DSC-Q100
at a rate of 8 °C/minute. Cyclic and Differential pulse voltammetry was carried out on a BAS CV50W potentiostat under a blanket of N2, at a scan rate of 50 and 20 mV/s respectively, and
Fc/Fc+ was used as an internal standard. A 0.1M Bu4NPF6 solution in dichloromethane was used
as the supporting electrolyte solution, with a platinum button working electrode, a platinum
wire counter electrode and a silver wire pseudo-reference electrode. Combustion analysis was
performed by Columbia Analytical Services.
4,5-Diiodo-phthalic acid (4-3)
1

H NMR (200 MHz, d6-DMSO): δ 3.378 (broad, 2H), 8.588 (s, 2H).

(2-Hydroxymethyl-4,5-diiodo-phenyl)-methanol (4-4)
1

H NMR (200 MHz, d6-DMSO): δ 4.398 (d, J = 5.4 Hz, 4H), 5.217 (t, J = 1.4 Hz, 2H), 7.862 (s, 2H).
95

4,5-Diiodo-benzene-1,2-dicarbaldehyde (4-5)116
1

H NMR (200 MHz, CDCl3): δ 8.352 (s, 2H), 10.395 (s, 2H).

2,3-Diiodo-pentacene-6,13-dione (diiodo-pentacene quinone) (4-6)
MS (MALDI) m/z 560 (100%, M+).
2,3-Diiodoo-6,13-bis-(triisopropylsilylethynyl)pentacene (TIPS diiodo-pentacene) (4-11)
1

H NMR (200 MHz, CDCl3): δ 1.344 (m, 42H), 7.385 (dd, J = 6.6 Hz, 2.8 Hz, 2H), 7.925 (dd, J = 6.6
Hz, 3.4 Hz, 2H), 8.543 (s, 2H), 9.089 (s, 2H), 9.266 (s, 2H). 13C NMR (50 MHz, CDCl3): δ 11.852,
19.182, 104.501, 104.569, 108.303, 119.176, 125.968, 126.635, 126.741, 128.965, 130.976,
131.272, 132.121, 132.918, 139.330.
2,3-Dicyano-6,13-bis-(triisopropylsilylethynyl)pentacene (TIPS dicyano-pentacene) (4-12)126
Yield = 0.54 g (70.3%). 1H NMR (200 MHz, CDCl3): δ 9.382 (2H, s), 9.332 (2H, s), 8.438 (2H, s),
7.99 (2H, dd, J = 3.0 Hz, J =6.2 Hz), 7.48 (2H, dd, J = 3.0 Hz, J = 6.6 Hz) 1.361 45 (42H, s). 13C NMR
(50 MHz, CDCl3): δ 138.8, 133.2, 131.5, 131.3, 129.7, 128.9, 128.7, 127.1, 126.8, 120.1, 116.2,
109.7, 108.1, 103.4, 19.0, 11.6. MS (MALDI) m/z 6 (100%, M+).
2,3-Diiodo-6,13-bis-(triisobutylsilylethynyl)pentacene (TIBS diiodo-pentacene) (4-13)
1

H NMR (200 MHz, CDCl3): δ 0.936 (d, J = 6.8 Hz, 12H), 1.157 (d, J = 6.6 Hz, 36H), 2.170 (m, 6H),
7.390 (dd, J = 7.0 Hz, 3.6 Hz, 2H), 7.918 (dd, J = 6.6 Hz, 3.8 Hz, 2H), 8.557 (s, 2H), 9.070 (s, 2H),
9.221 (s, 2H). 13C NMR (50 MHz, CDCl3): δ 25.609, 26.724, 104.403, 104.532, 111.004, 119.184,
125.892, 126.650, 128.843, 131.044, 131.256, 132.144, 132.918, 139.300.
2,3-Dicyano-6,13-bis-(triisobutylsilylethynyl)pentacene (TIBS dicyano-pentacene) (4-14)
Yield = 0.082 g (41.4% yield). 1H NMR (200 MHz, CDCl3): δ 9.336 (2H, s), 9.290 (2H, s), 8.416 (2H,
s), 7.918 (2H, dd, J = 3.2 Hz, J = 6.6 Hz), 7.390 (2H, dd, J = 3.4 Hz, J = 6.8 Hz) 2.158 (6H, sept, J=7.4
Hz), 1.159 (21H, d, J=6.6Hz) 0.980 (12H, d, J=7.0Hz). 13C NMR (50 MHz, CDCl3): 55 δ138.8, 133.5,
131.8, 131.6, 129.8, 129.2, 128.8, 127.4, 127.0, 120.3, 116.4, 112.6, 108.5, 103.7, 26.7, 25.6,
25.5. MS (MALDI) m/z 772 (100%, M+).
2,3-Diiodo-6,13-bis-(tricyclopentylsilylethynyl)pentacene (TCPS diiodo-pentacene) (4-15)
1

H NMR (200 MHz, CDCl3): δ 0.827 (m, 6H), 1.248 (m, 12H), 1.618 (m, 24H), 1.990 (m, 12H),
7.390 (dd, J = 7.0 Hz, 3.6 Hz, 2H), 7.909 (dd, J = 6.8 Hz, 3.6 Hz, 2H), 8.544 (s, 2H), 9.070 (s, 2H),
9.220 (s, 2H). 13C NMR (100 MHz, CDCl3): δ 11.863, 19.170, 19.226, 104.468, 104.496, 108.150,
119.053, 125.856, 126.528, 126.626, 128.893, 130.825, 131.109, 131.959, 132.757, 139.195.
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2,3-Dicyano-6,13-bis-(tricyclopentylsilylethynyl)pentacene (TCPS dicyano-pentacene) (4-16)
Yield = 0.3952 g (57.6%). 1H NMR(200 MHz, CDCl3): δ 9.339 (2H, s), 9.293 (2H, s), 8.418 (2H, s),
7.976 (dd, J = 3.4 Hz, J = 6.6 Hz, 2H), 7.504 (2H, dd, J=3.4 Hz, J=6.6 Hz) 2.052 (12 H, m), 1.721
(36H, m), 1.358 (6H, m). 13C NMR (50 MHz, CDCl3): δ139.0, 133.5, 131.8, 131.6, 130.0, 129.2, 65
128.9, 127.4, 120.4, 116.4, 110.6, 108.5, 102.8, 29.6, 27.3, 24.0. MS (MALDI) m/z 844 (100%,
M+).
2,3-Diiodo-6,13-bis-(tricyclohexylsilylethynyl)pentacene (TCHS diiodo-pentacene) (4-17)
1

H NMR (200 MHz, CDCl3): δ 1.118 (m, 27H), 1.560 (m, 9H), 1.825 (m, 18H), 2.027 (m, 12H),
7.392 (dd, J = 6.8 Hz, 3.6 Hz, 2H), 7.916 (dd, J = 6.6 Hz, 3.4 Hz, 2H), 8.559 (s, 2H), 9.118 (s, 2H),
9.253 (s, 2H).
2,3-Dicyano-6,13-bis-(tricyclohexylsilylethynyl)pentacene (TCHS dicyano-pentacene) (4-18)
Yield = 0.6782 g (48.62%). 1H NMR (200 MHz, 70 CDCl3): δ 9.370 (2H, s), 9.330 (2H, s), 8.414 (2H,
s), 7.994 (2H, dd, J = 3.6 Hz, J = 6.6 Hz), 7.484 (2H, dd, J = 3.6 Hz, J = 6.8 Hz) 2.026 (12H, m), 1.828
(18H, m), 1.555 (9H, m), 1.256 (27H, m). 13C NMR (50 MHz, CDCl3): δ 139.0, 133.5, 131.9, 131.7,
130.1, 129.2, 128.9, 127.4, 127.2, 120.4, 116.4, 110.6, 75 108.5, 104.0, 29.2, 28.6, 27.2, 23.7. MS
(MALDI) m/z 929 (M+).
2,3,9,10-Tetraiodo-pentacene-6,13-dione (4-10)
MS (MALDI) 812 m/z 812 (M+).
2,3,9,10-Tetraiodo-6,13-bis(triisopropylsilylethynyl)pentacene (TIPS tetraiodo-pentacene) (4-19)
1

H NMR (200 MHz, CDCl3): δ 1.397 (s, 42H), 8.223 (s, 4H), 9.068 (s, 4H). 13C NMR (50 MHz,
CDCl3): δ 11.8, 18.9, 103.8, 108.7, 119.1, 122.8, 126.1, 131.1, 131.4, 132.7.
2,3,9,10-Tetracyano-6,13-bis(triisopropylsilylethynyl)pentacene (TIPS tetracyano-pentacene)126
(4-20)
Yield = 0.05 g 80 (7.73%). 1H NMR (200 MHz, CDCl3): δ9.429 (4H, s), δ8.482 (4H, s), 1.535 (6H, s),
1.357 (36H, s). 13C NMR (50 MHz, CDCl3): δ 138.6, 132.9, 130.1, 129.9, 121.6, 115.8, 112.49,
109.4, 102.4, 19.1, 11.6. MS (MALDI) m/z 738 (100%, M+).
1,2-Bis-bromomethyl-4-iodo-benzene (4-22)
To a flame dried, nitrogen purged two neck round bottom flask was added 20 mL of 4-Iodo-1,2dimethyl-benzene (175.9 mmol) and 125 g of NBS (703.6 mmol) as well as 300 mL of carbon
tetrachloride. A catalytic amount of AIBN was then added and the reactants heated to reflux at
75 °C for 16 hours, under nitrogen. The reaction flask was then cooled to room temperature,
NBS was filtered off and carbon tetrachloride was evaporated off in a rotary evaporator. The
remaining liquid was run through a thick pad of silica gel with 2:1 hexanes:dichloromethane as
eluent to give a mixture of bromination products (47.09 g) as determined by GC/MS. The
product was used in the next step without further purification. GC-MS: m/z: 308 (C8H8BrI+-H),
388 (C8H7Br2I+-H).
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Acetic acid 2-acetoxymethyl-5-iodo-benzyl ester (4-23)
To a round bottom flask was added the crude reaction mixture from the synthesis of 1,2-bisbromomethyl-4-iodo-benzene (47.09 g), as well as 47.3g of potassium acetate (482 mmol) and
140 mL of DMF. The reaction flask was heated to 60 °C for 2 days with constant stirring. The
reaction was then cooled to room temperature and extracted with diethyl ether. The product
mixture was purified via silica gel column chromatography with 4:1 hexanes:ethyl acetate. 32.9
g of a light yellow liquid was collected (78% yield). 1H NMR (400 MHz, CDCl3) δ 1.929 (dd, J = 0.6
Hz, 3.6 Hz, 6H), 4.976 (s, 4 H), 6.969 (d, J = 4.0 Hz, 1H), 7.476 (d, J = 4.0 Hz, 1H), 7.597 (s, 1H). 13C
NMR (100 MHz, CDCl3): 20.573, 62.404, 62.831, 94.017, 131.086, 133.833, 136.473, 137.236,
137.816, 169.933 169.964. GC-MS: m/z: 348 (C12H13IO4).
(2-Hydroxymethyl-5-iodo-phenyl)-methanol (4-24)
To a round bottom flask was added 32.9 g of (7b) acetic acid 2-acetoxymethyl-5-iodo-benzyl
ester (94.5 mmol) and 52.2 g (378.2 mmol) of potassium carbonate. To this was added 250 mL
of THF and 125 mL of ethanol. The reaction mixture was heated to 87 °C and refluxed for 16
hours. Once cooled, the reaction mixture was extracted with dichloromethane several times
and the organic layers dried with magnesium sulfate. After evaporating to dryness on a rotary
evaporator, 10.42 g (42% yield) of a light pink to light orange solid was obtained. 1H NMR (200
MHz, CDCl3) δ 4.451 (d, J = 6.6 Hz, 4 H), 5.201 (s, broad, alcohol), 7.155 (d, J = 8.0 Hz, 1H), 7.559
(dd, J = 2.0 Hz, 8.2 Hz, 1H), 7.715 (s, 1H). 13C NMR (50 MHz, DMSO-d6): δ59.343, 59.669,
128.904, 134.740, 135.066, 139.073, 142.131.
4-Iodo-benzene-1,2-dicarbaldehyde (4-25)
To a nitrogen cooled, flame dried round bottom flask was added 200 mL of anhydrous
dichloromethane. The flask was placed in a dry ice – isopropanol bath and allowed to cool to 78 °C over ten minutes. Oxalyl chloride (7.9 mL, 90.8 mmol) was added to the flask and stirred
for five minutes. 12.9 mL of DMSO (181.6 mmol) mixed with 10 mL of dichloromethane was
slowly added to the reaction flask at -78 °C in a dropwise manner using an addition funnel.
After all of the DMSO solution had been added, the reaction was stirred for an additional 15
minutes at -78 °C. 6 g of (7c) (2-hydroxymethyl-5-iodo-phenyl)-methanol (22.7 mmol) was
dissolved in a minimal amount of DMSO and added to the reaction flask in a drop wise manner
at -78 °C, and the reaction stirred for an additional 15 minutes after the diol had been
completely added. 53.8 mL of triethylamine (385.9 mmol) was then added slowly to the
reaction flask and the reactants allowed to warm to room temperature slowly over 16 hours.
The product mixture was extracted with dichloromethane and ice cold water. The organic layer
was dried with magnesium sulfate, and then purified by column chromatography with
dichloromethane to yield an off-white solid. The solid was recrystallized from hexanes to give
3.5 g of pure product (59% yield). 1H NMR (200 MHz, CDCl3) δ 7.627 (d, J = 8.0 Hz, 1H), 8.092
(dd, J = 1.8 Hz, 8.0 Hz, 1H), 8.272 (d, J = 1.4 Hz, 1H), 10.426 (2s, 2H). 13C NMR (50 MHz, CDCl3): δ
101.532, 132.468, 135.488, 137.233, 138.828, 142.833, 190.736, 190.540.
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2-Iodo-pentacenequinone (4-27)
To a small round bottom flask was added 3.07 g of (7d) 4-Iodo-benzene-1,2-dicarbaldehyde
(11.8 mmol) and 2.48 g of 1,4 dihydroxyanthracene (11.8 mmol). The solids were dissolved in a
minimal amount of hot THF (30 mL) and ethanol (15 mL). Several drops of 15% aqueous NaOH
was added dropwise to the reactants until a vigorous reaction occurred and a yellow precipitate
appeared. The reaction was stirred for a half an hour, and then the solids were filtered and
washed with methanol, THF and diethyl ether. The solids were then dried overnight under
ambient conditions. 4.23 g of light beige colored solids were collected (83% yield). MS (MALDI,
TCNQ matrix) m/z 434 (100%, M+)
6,13-Bis-[triisopropylsilylethynyl]-pentacene-2-iodide (4-28)
To a flame dried, nitrogen cooled round bottom flask was added hexanes (10 mL), followed by
triisopropylsilylacetylene (1.81 mL, 8.05 mmol). 2.76 mL (6.90 mmol) of n-BuLi (2.5M in
hexanes) was added to the flask and the contents stirred for one hour. (7e) 2-iodo-pentacene
quinone (1 g, 2.30 mmol) was added to that flask followed by 20 mL of anhydrous THF, and the
contents stirred until all solids dissolved. Deoxygenation proceeded with the addition of 3 mL of
10% H2SO4 and stannous chloride dihydrate for 1 hour. The reaction mixture was then worked
up and purified by silica gel column chromatography, using hexanes as an eluent. The product
was further purified by recrystallization from acetone. The resulting product was filtered and
dried in air to obtain 1.05 g (60%) of pure product. 1H NMR (200 MHz, CDCl3): δ 1.077 (s, 6H),
1.364 (d, J = 2.2 Hz, 36 H), 7.392 (dd, J = 3.0 Hz, J = 3.6 Hz, 2H), 7.564 (q, J = 9.2 Hz, 2H), 7.947
(dd, J = 3.2 Hz, J = 3.4 Hz, 2H), 8.378 (s, 1H), 9.149 (s, 1H), 9.239 (s, 1H) 9.280 (d, J = 3.4 Hz, 2H).
13
C NMR (50 MHz, CDCl3): δ 11.207, 11.867, 18.613, 19.167, 92.505, 95.001, 104.744, 107.817,
107.992, 118.865, 119.040, 125.626, 126.491, 126.666, 127.121, 128.972, 130.346, 130.657,
130.976, 131.044, 131.234, 132.782, 133.586, 134.542, 137.683. MS (EI 70 eV) m/z 764 (100%,
M+ - 1) 765 (61%, M+).
6,13-Bis-[triisopropylsilylethynyl]-pentacene-2-carbonitrile (TIPS 2-cyano-pentacene) (4-29)
To a flame dried, nitrogen purged round bottom flask was added (7f) 6,13-Bis[triisopropylsilylethynyl]-pentacene-2-iodide, along with KCN, CuI, (PPh3)4Pd and 40 mL of THF.
The reaction mixture was heated to reflux under nitrogen for 16 hours. The product was
extracted from the reaction mixture with ether, the solvent was evaporated and the desired
product was isolated via silica gel column chromatography with 1:1 hexanes:dichloromethane,
and then recrystallized from acetone. 1H NMR (200 MHz, CDCl3): δ 1.361 (s, 42H), 7.396 (dd, J =
3.2, J = 6.6, 3H), 7.956 (dd, J = 3.4 Hz, J = 6.4 Hz, 3H), 8.380 (s, 1H), 9.299 (s, 2H), 9.354 (s, 2H) 13C
NMR (50 MHz, CDCl3): δ 11.791, 19.106, 104.289, 108.432, 108.849, 109.722, 118.123, 119.563,
124.647, 126.741, 127.462, 128.912, 130.293, 130.558, 131.036, 131.135, 131.378, 131.492,
131.712, 132.712, 132.948, 133.093, 137.000. MS (EI 70 eV) m/z 663 (100%, M+ - 1) 664 (59%,
M+). MP (decomp): 270 °C.
6,13-Bis-[triisobutylsilylethynyl]-pentacene-2-iodide (TIBS 2-iodo-pentacene) (4-30)
1

H NMR (200 MHz, CDCl3): δ 0.932 (12H, m, J=7.0Hz), 1.163 (21H, dd, J=6.2 Hz, 1.4 Hz ), 2.150
(6H, sept, J=6.6 Hz), 7.387 (2H, dd, J = 6.6 Hz, J = 3.2 Hz), 7.550 (2H, q, J = 9.2 Hz), 7.927 (2H, dd, J
= 6.6 Hz, 3.4 Hz), 8.380 (s, 1H), 9.107 (m, 4H). 13C NMR (50 MHz, CDCl3): δ 10.478, 25.571,
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26.353, 26. 679, 50.847, 92.431, 104.691, 125.512, 126.483, 126.962, 128.798, 130.156,
130.604, 130.953, 131.158, 132.736, 133.555, 134.527, 137.623.
6,13-Bis-[triisobutylsilylethynyl]-pentacene-2-carbonitrile (TIBS 2-cyano-pentacene) (4-31)
1

H NMR (200 MHz, CDCl3): δ 0.947 (12H, dd, J = 6.8 Hz, 1.8 Hz), 1.170 (21H, dd, J = 6.6 Hz, 1.4
Hz), 2.117 (6H, sept, J = 6.6 Hz), 7.392 (3H, m), 7.947 (3H, m), 8.365 (s, 1H), 9.270 (s, 2H), 9.321
(s, 2H). 13C NMR (50 MHz, CDCl3): δ 10.653, 25.609, 26.724, 104.304, 109.782, 119.229, 119.
616, 124.753, 126.696, 126.810, 127.440, 128.859, 130.369, 130.467, 131.461, 131.560,
133.002, 133.128, 136.887.
6,13-Bis-[tricyclopentylsilylethynyl]-pentacene-2-iodide (TCPS 2-iodo-pentacene) (4-32)
1

H NMR (200 MHz, CDCl3): δ 1.333 (6H, m), 1.606 (36H, m), 1.996 (12H, m), 7.387 (2H, dd, J = 6.6
Hz, J = 3.2 Hz), 7.548 (2H, q, J = 9.2 Hz), 7.916 (2H, dd, J = 6.6 Hz, J = 3.2 Hz), 8.358 (1H, s), 9.103
(1H, s), 9.186 (1H, s), 9.232 (2H, d, J = 2.2 Hz). 13C NMR (50 MHz, CDCl3): δ 24.152, 27.278,
29.616, 126.483, 126.666, 128.904, 130.270, 130.627, 130.945, 132.789, 133.578, 134.527,
137.721.
6,13-Bis-[tricyclopentylsilylethynyl]-pentacene-2-carbonitrile (TCPS 2-cyano-pentacene) (4-33)
1

H NMR (200 MHz, CDCl3): δ 1.259 (6H, m), 1.634 (36H, m), 1.995 (12H, m), 7.398 (3H, m), 7.936
(3H, m), 8.361 (s, 1H), 9.268 (4H, m). 13C NMR (50 MHz, CDCl3): δ24.099, 27.278, 29.616,
103.393, 103.500, 109.137, 109.578, 109.744, 119.199, 119.639, 119.768, 127.723, 126.787,
126.870, 127.531, 128.912, 130.361, 130.551, 131.552, 133.002, 133.138, 137.008. LD-MS: 820
m/z (M+).
6,13-Bis-[trinpropylsilylethynyl]-pentacene-2-iodide (TNPS 2-iodo-pentacene) (4-34)
1

H NMR (400 MHz, CDCl3): δ 0.834 (m, 12H), 1.146 (m, 18 H), 1.672 (m, 12H), 7.387 (dd, J = 6.6
Hz, J = 3.2 Hz, 2H), 7.586 (q, J = 9.2 Hz, 2H), 7.938 (dd, J = 6.2 Hz, J = 3.4 Hz, 2H), 8.391 (s, 1H),
9.070 (s, 1H), 9.186 (s, 1H) 9.202 (d, J = 1.8 Hz, 2H). 13C NMR (50 MHz, CDCl3): δ 16.564, 18.097,
18.492, 92.436, 104.016, 125.581, 126.491, 126.590, 127.007, 128.904, 130.262, 130.831,
132.751, 134.512, 137.714.
6,13-Bis-[ trinpropylsilylethynyl]-pentacene-2-carbonitrile (TNPS 2-cyano-pentacene) (4-35)
1

H NMR (400 MHz, CDCl3): δ 0.843 (m, 12H), 1.166 (m, 18 H), 1.663 (m, 12H), 7.401 (3H, m),
7.933 (3H, m), 8.359 (s, 1H), 9.269 (4H, m). 13C NMR (50 MHz, CDCl3): δ 16.465, 18.099, 18.491,
104.313, 109.802, 119.234, 119.611, 124.751, 126.696, 126.808, 127.439, 128.862, 130.370,
130.466, 131.464, 131.557, 133.007, 133.129, 136.890.
1,2-Bis-bromomethyl-3-iodo-benzene, 2-Bromomethyl-1-dibromomethyl-3-iodo-benzene (4-37)
To a nitrogen purged, flame dried two neck round bottom flask was added 10 g (43 mmol) of 1Iodo-2,3-dimethyl-benzene and 34.5 g (194 mmol) of NBS. 200 mL of 1,2 dichloroethane was
added as well as a catalytic amount of AIBN. The reaction was heated to reflux at 75 °C for 16
hours. The reaction mixture was then cooled and filtered through a thin pad of silica gel,
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washing with hexanes. 15 g of liquid product was collected, and shown to be a mixture of
products by GC/MS. The product was used in the next step without further purification. GCMS: m/z: 388 (C8H7Br2I+-H), 387 (C8H7Br3I+-Br).
1-iodo-pentacenequinone (4-38)
1-Bromomethyl-2-dibromomethyl-3-iodo-benzene and 1,4 anthraquinone was heated in DMF to
90°C under N2. Potassium iodide (6.7 equivalents) was then added to the reaction vessel, and
the reaction mixture was stirred under nitrogen for 16 hours. The product was then filtered and
rinsed with acetone, THF, and ether to yield an insoluble yellow solid. MS (LDMS) m/z 434
(100%, M+).
6,13-Bis-[triisopropylsilylethynyl]-1-iodo-pentacene (TIPS 1-iodo-pentacene) (4-39)
To a flame dried, nitrogen cooled round bottom flask was added hexanes (10 mL), followed by
triisopropylsilylacetylene (1.81 mL, 8.05 mmol). 2.76 mL (6.90 mmol) of n-BuLi (2.5M in
hexanes) was added to the flask and the contents stirred for one hour. (8a) 1-iodo-pentacene
quinone (1 g, 2.30 mmol) was added to that flask along with 20 mL of anhydrous THF, and the
contents stirred for one hour, until all solids have dissolved. Deoxygenation proceeded with the
addition of 3 mL of 10% H2SO4 and stannous chloride dihydrate for 1 hour. The reaction
mixture was then worked up and purified by silica gel column chromatography, using hexanes as
an eluent. The product was further purified by recrystallization from acetone. The resulting
product was filtered and dried in air to obtain 1.05 g (60%) of pure product. 1H NMR (200 MHz,
CDCl3): δ 1.343 (m, 42H), 7.022 (dd, J =8.4, J = 7.0, 1H), 7.392 (dd, J = 6.8, J = 3.4, 2H), 7.916 (m,
3H), 8.019 (d, J = 6.8, 1H), 9.218 (s, 1H), 9.292 (s, 1H), 9.358 (s, 1H), 9.511 (s, 1H). 13C NMR (50
MHz, CDCl3): δ 11.889, 19.203, 100.265, 104.529, 104.756, 107.731, 108.307, 118.309, 119.309,
126.456, 126.562, 126.668, 126.805, 127.806, 128.869, 128.914, 130.143, 131.069, 131.251,
131.418, 131.994, 132.359, 132.677, 132.996, 138.110. m/z 764 (100%, M+ - 1), 765 (59%, M+).
6,13-Bis-[triisopropylsilylethynyl]-pentacene-1-carbonitrile (TIPS 1-cyano-pentacene) (4-40)
To a flame dried, nitrogen purged round bottom flask was added (8b) 6,13-Bis[triisopropylsilylethynyl]-pentacene-1-iodide, along with KCN, CuI, (PPh3)4Pd and 40 mL of THF.
The reaction was heated to reflux under nitrogen for 16 hours. The product was extracted from
the reaction mixture with ether, the solvent was evaporated and the desired product was
isolated via silica gel column chromatography with 1:1 hexanes:dichloromethane, and then
recrystallized from acetone. 1H NMR (400 MHz, CDCl3): δ 1.342 (m, 42H), 7.381 (dd, J = 8.4, J =
6.4, 1H), 7.425 (dd, J = 6.4, J = 2.8 Hz, 2H), 7.884 (d, J = 6.8 Hz, 1H), 7.964 (dd, J = 6.8, J = 3.2, 2H),
8.148 (d, J = 8.8, 1H), 9.301 (s, 1H), 9.367 (s, 2H), 9.643 (s, 1H). 13C NMR (100 MHz, CDCl3): δ
11.793, 19.198, 103.979, 104.398, 108.262, 108. 283, 111.509, 117.738, 118.899, 119.557,
124.372, 124.932, 126.668, 126.920, 128.418, 128.935, 129.495, 130.923, 131.021, 131.133,
131.343, 132.869, 134.450, 134.744. MS (EI 70 eV) m/z 663 (100%, M+ - 1) 664 (59%, M+). MP
(decomp): 268 °C. Elemental analysis calculated for C 45H53NSi2: C 81.39, H 8.04. Found: C 81.48,
H 7.94.
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6,13-Bis-[triisobutylsilylethynyl]-1-iodo-pentacene (TIBS 1-iodo-pentacene) (4-41)
1

H NMR (200 MHz, CDCl3): δ 0.931 (dd, J = 9.2 Hz, 7.0 Hz, 12H), 1.135 (dd, J = 6.6 Hz, 5.0 Hz,
36H), 2.122 (m, 6H), 7.028 (t, J = 8.4 Hz, 1H), 7.390 (dd, J = 7.0 Hz, 3.4 Hz), 7.931 (m, 3H), 8.029
(d, J = 7.0 Hz, 1H), 9.169 (s, 1H), 9.244 (s, 1H), 9.282 (s, 1H), 9.482 (s, 1H). 13C NMR (50 MHz,
CDCl3): δ 25.652, 26.775, 26.881, 100.432, 104.392, 104.741, 110.416, 111.221, 118.398,
119.354, 126.456, 126.714, 127.700, 128.762, 129.976, 131.114, 131.539, 132.040, 132.359,
132.647, 132.708, 132.935, 138.034. MS (EI 70 eV) m/z 848 (M+).
6,13-Bis-[triisobutylsilylethynyl]-pentacene-1-carbonitrile (TIBS 1-cyano-pentacene) (4-42)
1

H NMR (400 MHz, CDCl3): δ 0.950 (m, 12H), 1.156 (m, 36H), 2.118 (m, 6H), 7.387 (m, 1H), 7.428
(dd, J = 6.8 Hz, 3.2 Hz, 2H), 7.882 (d, J = 6.4 Hz, 1H), 7.954 (m, 2H), 8.139 (dd, J = 8.4 Hz, 0.8 Hz,
1H), 9.260 (s, 1H), 9.306 (s, 1H), 9.325 (s, 1H), 9.632 (s, 1H). 13C NMR (100 MHz, CDCl3): δ
25.385, 25.539, 25.609, 25.665, 26.756, 103.853, 104.412, 110.949, 111.607, 112.335, 117.808,
118.843, 119.641, 124.442, 124.974, 126.528, 126.668, 126.850, 128.292, 128.739, 130.937,
131.091, 131.189, 132.855, 132.883, 134.240, 134.590.
6,13-Bis-[tricyclopentylsilylethynyl]-1-iodo-pentacene (TCPS 1-iodo-pentacene) (4-43)
1

H NMR (400 MHz, CDCl3): δ 1.284 (m, 6H), 1.594 (m, 12H), 1.734 (m, 24H), 2.029 (12H), 7.051
(dd, J = 8.4 Hz, 7.2 Hz, 1H), 7.414 (dd, J = 6.8 Hz, 3.2 Hz, 2H), 7.914 (m, 3H), 8.035 (d, J = 6.8 Hz,
1H), 9.180 (s, 1H), 9.259 (s, 1H), 9.319 (s, 1H), 9.483 (s, 1H). 13C NMR (100 MHz, CDCl3): δ
24.139, 24.265, 27.288, 27.316, 29.640, 29.710, 29.780, 100.325, 103.671, 103.811, 108.318,
108.850, 118.466, 119.333, 126.458, 126.570, 126.682, 126.794, 127.816, 128.823, 130.069,
131.021, 131.189, 131.469, 132.057, 132.337, 132.673, 132.953. MS (EI 70 eV) m/z 921 (M+-1).
6,13-Bis-[tricyclopentylsilylethynyl]-pentacene-1-carbonitrile (TCPS 1-cyano-pentacene) (4-44)
1

H NMR (200 MHz, CDCl3): δ 1.342 (m, 12H), 1.541 (m, 36H), 2.052 (m, 12H), 7.365 (m, 3H),
7.872 (d, J = 7.0 Hz, 1H), 7.934 (dd, J = 5.8 Hz, 3.4 Hz, 2H), 8.121 (d, J = 8.8 Hz, 1H), 9.262 (s, 1H),
9.328 (s, 2H), 9.616 (s, 1H). 13C NMR (50 MHz, CDCl3): δ 14.271, 22.557, 24.074, 24.120, 27.291,
27.321, 29.643, 29.704, 34.347, 103.057, 103.512, 108.884, 110.022, 111.615, 117.746, 118.944,
119.627, 124.392, 134.984, 126.683, 126.926, 128.398, 128.853, 129.521, 130.947, 131.038,
131.145, 131.342, 132.890, 134.362, 134.665. MS (LDMS) m/z 819 (M+).
1,2-Bis-bromomethyl-4-nitro-benzene, 1-Bromomethyl-2-dibromomethyl-4-nitro-benzene, 1,2Bis-dibromomethyl-4-nitro-benzene (4-46)
To a nitrogen purged, flame dried two neck round bottom flask was added 10 g (66.2 mmol) of
1,2-dimethyl-4-nitro-benzene and 47.1 g (265 mmol) of NBS. 200 mL of 1,2 dichloroethane was
added as well as a catalytic amount of AIBN. The reaction was heated at reflux at 70 °C for 16
hours. The reaction was then cooled and filtered through a thin pad of silica gel, washing with
1:1 dichlormethane:hexanes. 29.8 g of liquid product was collected, and shown to be a mixture
of products by GC/MS. The products were used in the next step without further purification.
GC-MS: m/z: 305 (C8H7Br2NO2+-H), 307 (C8H6Br3NO2+ -Br), 387 (C8H5Br4NO2 -Br),
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2-Nitro- pentacenequinone (4-47)
To a nitrogen purged round bottom flask was added 13.7 g of anthraquinone (66 mmol) and
approximately 66 mmol of a mixture of brominated 1,2-dimethyl-4-nitrobenzenes. 75 mL of
degassed DMF was added to the flask under nitrogen and the reactants heated to 90 °C. 166 g
of KI (442 mmol) was then slowly added to the reaction, and the temperature was raised to 130
°C. The reaction was stirred for an additional 32 hours. The reaction mixture was subsequently
cooled to room temperature and the solids filtered and washed with hot acetone, followed by
hot THF and finally ether. The brown solid was then air dried at ambient conditions for several
hours to yield 16.6 g (71 % yield). MS (EI 70 eV) m/z 353 (100%, M+).
2-Nitro-6,13-bis-[triisopropylsilylethynyl]-pentacene (TIPS 2-nitro pentacene) (4-48)
To a flame dried, nitrogen cooled round bottom flask was added hexanes (10 mL), followed by
triisopropylsilylacetylene (3.33 mL, 14.86 mmol). 5.1 mL (12.74 mmol) of n-BuLi (2.5M in
hexanes) was added to the flask and the contents stirred for one hour. 2-nitro pentacene
quinone (1.5 g, 4.25 mmol) was added to that flask followed by 20 mL of anhydrous THF, and
the contents stirred for one hour, until all solids have dissolved. Deoxygenation proceeded with
the addition of 3 mL of HI (48% in water) and stirring for 2 hours. The reaction mixture was then
worked up and purified by silica gel column chromatography, using 9:1
hexanes:dichloromethane as an eluent. The product was further purified by recrystallization
from acetone. The resulting product was filtered and dried in air to obtain 0.22 g (8 %) of pure
product. 1H NMR (200 MHz, CDCl3): δ 1.362 (s, 42H), 7.421 (q, J = 3.8 Hz, J = 7.0 Hz, 2H), 7.955
(q, J = 3.2 Hz, J = 6.6 Hz, 2H), 8.053 (m, 2H), 8.948 (d, J = 1.2 Hz, 1H), 9.309 (d, J = 3.6 Hz, 1H),
9.352 (s, 1H), 9.521 (s, 1H) . 13C NMR (100 MHz, CDCl3): δ 11.849, 19.198, 104.077, 104.188,
108.584, 109 12.171, 118.788, 119.235, 119.795, 126.808, 126.976, 127.298, 127.508, 128.879,
128.921, 129.691, 131.049, 131.147, 131.329, 131.441, 132.071, 132.939, 133.121, 145.760. MS
(EI 70 eV) m/z 683 (100%, M+), 653 (M+-NO). MP (decomp): 274 °C. Elemental analysis
calculated for C44H53NO2Si2: C 77.25, H 7.81. Found: C 76.88, H 7.85.
2-Nitro-6,13-bis-[triethylsilylethynyl]-pentacene (TES 2-nitro pentacene) (4-49)
1

H NMR (200 MHz, CDCl3): δ 0.881 (dq, J = 7.6 Hz, 3.2 Hz, 12H), 1.247 (dt, J = 7.4 Hz, 1.8 Hz, 18H),
7.958 (dd, J = 6.6 Hz, 3.2 Hz, 2H), 7.958 (dd, J = 6.6 Hz, 3.4 Hz, 2H), 8.044 (m, 2H), 8.944 (d, J =
0.8, 1H), 9.213 (m, 3H), 9.420 (s, 1H). 13C NMR (50 MHz, CDCl3): δ 4.909, 8.005, 103.446,
103.568, 109.570, 110.131, 118.827, 119.184, 119.768, 126.734, 126.855, 126.969, 127.311,
127.470, 128.957, 128.995, 129.754, 130.922, 130.976, 131.074, 131.325, 131.795, 132.137,
133.040, 133.222, 145.886. MS (EI 70 eV) m/z 599 (100%, M+).
1,2-Bis-bromomethyl-3-nitro-benzene, 1-Bromomethyl-2-dibromomethyl-3-nitro-benzene, 1,2Bis-dibromomethyl-3-nitro-benzene (4-51)
To a nitrogen purged, flame dried two neck round bottom flask was added 10 g (66.2 mmol) of
1,2-Dimethyl-3-nitro-benzene and 47.1 g (265 mmol) of NBS. 200 mL of 1,2 dichloroethane was
added, as well as a catalytic amount of AIBN. The reaction was heated to reflux at 70 °C for 16
hours. The reaction was then cooled and filtered through a thin pad of silica gel, washing with
1:1 dichlormethane:hexanes. 29.9 g of liquid product was collected, and shown to be a mixture
of products by GC/MS. The product was used in the next step without further purification.
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1-Nitro pentacenequinone (4-52)
To a nitrogen purged round bottom flask was added 13.8 g of 1,4-anthraquinone (66.3 mmol)
and approximately 66 mmol of an unresolved mixture of di-, tri-, and tetra- brominated 1,2dimethyl-3-nitro-benzene. 100 mL of degassed DMF was added to the flask under nitrogen and
the reactants heated to 90 °C. 73.6 g of KI (443.4 mmol) was then slowly added to the reaction,
and the temperature was raised to 130 °C. The reaction was stirred for 32 hours. The reaction
mixture was subsequently cooled to room temperature and the solids filtered and washed with
acetone, followed by copious amounts of THF and ether. The insoluble yellow solid was then
allowed to air dry at ambient conditions for several hours to yield 12.3 g (53 % yield). MS (EI 70
eV) m/z 353 (100%, M+ - 1) 354 (25%, M+).
1-Nitro-6,13-bis-[triisopropylsilylethynyl]-pentacene (TIPS 1-nitro pentacene) (4-53)
To a flame dried, nitrogen cooled round bottom flask was added hexanes (10 mL), followed by
triisopropylsilylacetylene (1.27 mL, 5.66 mmol). 2.1 mL (5.23 mmol) of n-BuLi (2.5M in hexanes)
was added to the flask and the contents stirred for one hour. 1-nitro pentacenequinone (0.5 g,
1.42 mmol) was added to that flask and 20 mL of anhydrous THF was added and the contents
stirred until all solids dissolve. Deoxygenation proceeded with the addition of 3 mL of HI (48%
in water) for 2 hours. The reaction mixture was then worked up and purified by silica gel
column chromatography, using 9:1 hexanes:dichloromethane as an eluent. The product was
further purified by recrystallization from acetone. The resulting product was filtered and dried
in air to obtain 0.46 g (48%) of pure product. 1H NMR (400 MHz, CDCl3): δ 1.359 (m, 42H), 7.403
(s, 1H), 7.424 (dd, J = 3.2 Hz, 6.8 Hz, 2H), 7.962 (dd, J = 3.2 Hz, 6.8 Hz, 2H), 8.216 (dd, J = 0.8 Hz,
4.4 Hz, 1H), 8.277 (d, J = 7.6 Hz, 1H), ( 9.293 (s, 1H), 9.365 (s, 1H), 9.389 (s, 1H), 10.148 (s, 1H).
13
C NMR (100 MHz, CDCl3): δ11.821, 11.849, 19.198, 104.035, 104.214, 108.388, 109.409,
118.788, 120.243, 123.155, 123.253, 124.064, 125.884, 126.626, 126.710, 126.766, 127.032,
128.348, 128.851, 128.963, 120.559, 131.301, 131.497, 131.693, 132.477, 132.925, 132.953,
146.936. MS (EI 70 eV) m/z 683 (100%, M+ - 1) 684 (61%, M+). MP (decomp) 260 °C. Elemental
analysis calculated for C44H53NO2Si2: C 77.25, H 7.81. Found: C 77.15, H 7.90.
1-Nitro-2,6,13-tris-[triisopropylsilylethynyl]-pentacene (Triskelion TIPS 1-nitro pentacene) (4-54)
This material was obtained as a reaction side product during the synthesis of 1-Nitro-6,13-bis[triisopropylsilylethynyl]-pentacene. 1H NMR (400 MHz, CDCl3): δ1.151 (m, 21H), 1.328 (m,
42H), 7.352 (d, J=8.8 Hz, 1H), 7.422 (dd, J =3.2 Hz, 6.8 Hz), 7.953 (m, 3H), 9.227 (s, 1H), 9.284 (s,
2H), 9.310 (s, 1H). 13C NMR (100 MHz, CDCl3): δ 11.457, 11.765, 11.849, 18.834, 19.184, 100.857,
103.363, 103.825, 104.216, 108.346, 109.521, 114.266, 118.899, 119.949, 122.077, 122.973,
126.654, 126.724, 126.808, 126.962, 127.186, 127.634, 128.851, 128.963, 130.727, 130.937,
131.287, 132.939, 133.009, 151.359 . MS (EI 70 eV) m/z 863 (100%, M+ - 1) 862 (73%, M+). MP
(decomp): 187 °C. Elemental analysis calculated for C 55H73NO2Si3: C 76.42, H 8.51. Found: C
76.64, H 8.82.
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Chapter 5 Perfluoroalkyl substituted pentacene s
5.1 Introduction
Fluorine is the most electronegative of all elements - 3.98 on the Pauling scale of
electronegativity. Fluorination can be expected to improve electron affinity and the ionization
potential of known p-type materials to allow the materials to favor electron transport. Fluorine
is also small, comparable to hydrogen in its van der Waals radius and thus not expected to
change the crystal packing of a material through steric concerns. Due to the electronegativity
of fluorine, C-F bonds are highly polar, and the strongest bond in organic chemistry as well as
being extremely stable. In the CF bond, electron density is more concentrated around the
fluorine, and as a result, the carbon atom in the C-F bond is electron poor. There is also
evidence that there is some stabilization of radical anions via π donation from electronegative
fluorine atoms127, making fluorinated materials ideal for n-type materials. Direct fluorination of
aromatic compounds leads to some interesting charge density distributions where the inductive
and mesomeric128 effects of fluorine substitution cause the conjugated ring system(s) to be
slightly positive. The electron poor fluorinated portions of the molecule become attracted to
the electron rich portions of neighboring molecules and these attractive forces influence the
solid state packing of the material129. F…HC interactions are also weakly present in fluorinated
molecules and may also contribute to the solid-state organization of these materials.
Perfluoroalkyl groups, (CnF2n+1) are also strongly electron withdrawing, with high stability.
Perfluoroalkylation of known p-type cores is also known to improve the air stability and electron
transport properties of organic semiconductors130.
Some examples of small molecule n-type organic semiconducting materials with fluorine
or perfluoroalkyl modifications include perfluoro sexithiophene (5-1),131 4perfluoromethylphenyl anthracene (5-2),132 and fluorinated perylene diimides (5-3a-c)133.
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Figure 5-1: Examples of non-pentacene based fluorinated and perfluoroalkylated n-type
materials
Fluorination was first used as a method of making n-type pentacenes with the synthesis
of perfluoropentacene (5-5) in 2004134. The addition of 14 fluorines onto the pentacene core
lowered the LUMO of pentacene from -2.93 eV to -3.67 eV and the HOMO from -5.02 eV to 5.59 eV, as well as shortening the energy gap from 2.09 eV to 1.92 eV. The material retained the
basic herringbone packing of plain pentacene, albeit at a steeper inclined herringbone angle.
What is interesting about perfluoropentacene versus pentacene is that the interplanar distances
between acene faces are shorter for perfluoropentacene, which is attributed to the electrostatic
attraction between electron poor and electron rich regions of neighboring molecules. This
material was also demonstrated to exhibit good n-channel behavior.
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Figure 5-2 Examples of fluorinated and perfluoroalkylated pentacenes
The addition of perfluoroalkyl groups onto a pentacene core as a means to obtain ntype behavior was demonstrated by the addition of a 4-perfluoromethyl group135 (5-4) and two
perfluorobutyl groups136 (5-5) onto pentacene cores. The addition of a single perfluoromethyl
group onto the pentacene (5-6) core lowered the HOMO by 0.12 eV and the LUMO by 0.14 eV.
Perfluorobutyl pentacene (5-5) is unstable in solution, and photobleaches within 30 minutes at
ambient conditions. No experimentally determined HOMO/LUMO energy levels were reported
for 5-5. No crystal structure data was reported for either compound. However, 5-5 did exhibit
n-channel electron transporting behavior, whereas 5-6 only exhibited p-channel behavior.
Although core fluorination and perfluoroalkylation of the pentacene core can give
materials that exhibit n-channel behavior, a big problem with these materials is the lack of
solubility of these compounds in common organic solvents. While these materials may be
sparingly soluble in halogenated aromatic solvents, their general insolubilities are not ideal for
solution processable organic electronic material applications.
Some core fluorinated and trialkylsilylethnyl solubilized pentacenes and pentacene-like
materials have been reported in the last five years. Tetrafluoro TIPS pentacene126 (5-7),
octafluoro TIPS pentacene126 (5-8) and tetrafluoro TIPS tetracenothiophene137 (5-9) have all
been synthesized and reported in recent literature. All of these materials exhibit ambipolar
transport behavior (unpublished data for 5-7 and 5-8), as well as stacking in a 2D bricklayer π
stacking motif.
5-7 and 5-8 and some their derivatives have been tested in preliminary BHJ solar cell
studies with P3HT as the donor (unpublished data). While these materials are soluble in
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common organic solvents, there have been problems in the fabrication of solution deposited
devices with these compounds (unpublished observations). The materials (5-6 and 5-7) in
blends with P3HT have been described by our collaborators to be prone to forming films that
have adhesion problems on the solar cell substrates due to their extreme lipophilicity as a result
of fluorine substitution. The resulting cells had low efficiencies with poor J sc. It is likely that
perfluoroalkyl substitution rather than the direct fluorination of the acene core may improve
the processability of fluoropentacenes.
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Figure 5-3 Direct fluorination on a soluble pentacene core
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5.2 Perfluoroalkyl pentacenes
Perfluoromethyl TIPS pentacene (5-15) had been previously synthesized112 but due to
the 1 dimensional, non-sandwich herringbone nature of their solid state packing, it was
previously ignored for photovoltaic applications. Revisiting this molecule on a chance
encounter, I synthesized a small amount of this TIPS 2-CF3-pentacene (5-15) and asked our
device fabrication collaborator test it. The initial results surpassed that of initial results from any
cyano-pentacenes, with high Voc. We were then very interested in why this material, with this
particular packing motif, performed so well and whether changing the solid-state packing of this
material could improve device efficiency.
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Figure 5-4 Synthesis of 2-trifluoromethyl pentacenes
a) HCl, MeOH b) DIBALH c) 40% HBr d) KI, DMF e) SnCl2/10% HCl

Commercially available 4-(trifluoromethyl)phthalic acid (5-10) was esterified to obtain
dimethyl ester (5-11). The diester was then reduced with DIBALH to the dimethanol (5-12).
While the dimethanol can be oxidized under Swern oxidation conditions, the product and
reactant are both viscous liquids with an added degree of difficulty for purification and isolation.
Instead, the dimethanol (5-12) was brominated with aqueous hydrobromic acid to yield
dibromide (5-13). The dibromide (5-13) was reacted with 1,4 anthraquinone under Cava
reaction conditions to obtain the 2-trifluoromethylpentacenequinone (5-14). Ethynylation with
lithiated trialkylsilyl acetylene, followed by deoxygenation with stannous chloride and dilute acid
resulted in the desired pentacenes (5-15 to 5-19).
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5.3 Perfluoromethyl pentacenes
TIPS 2-CF3-pentacene s
Revisiting the crystal packing of 5-15, a closer look at the crystal packing revealed that
the packing resembles that of a 1D “double sandwich herringbone” packing rather than what we
believed to be a 1D “slipped stack”. The reason behind the high initial solar efficiencies of P3HT/
TIPS 2-CF3-pentacene cells were no longer as surprising, because materials that pack in 1D
“sandwich herringbone” and “double sandwich herringbone” were known to outperform other
packing motifs in cyanopentacenes. The closest aromatic C …C distance between neighboring
molecules was 3.426 Å.

Figure 5-5 Crystal packing of TIPS 2-CF3-pentacene (5-15)
Overall, 2-CF3-pentacene s provided a variety of different crystal packing motifs to study.
While the TIPS derivative (5-15) adopted the 1D “double sandwich herringbone” packing motif,
the TES (5-16) and TCPS (5-19) assumed 1D “slipped stacked” arrangements. TNPS 2-CF3 (5-17)
pentacene took on an extremely unusual minimally π stacking “cruciform” packing arrangement.
Finally, one 2-CF3-pentacene – the TIBS derivative (5-18) packed in a 1D “sandwich
herringbone” packing motif.
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TES 2-CF3-pentacene and TCPS 2-CF3-pentacene – 1D “slipped stack”
Both TES 2-CF3-pentacene (5-16) and TCPS 2-CF3-pentacene (5-19) adopted a 1D
“slipped stack” packing motif. For 5-16, the smallest intermolecular aromatic C…C distance is
3.420 Å, and 3.348 Å for 5-19. In 5-16, the slip stacks are arranged in orderly columns, where as
in 5-19, there is a twist in neighboring molecules to accommodate the perfluoromethyl group
such that the placement of the perfluoromethyl group is positioned over the center ring of an
adjacent molecule (Figure 5-6).

Figure 5-6 Thermal ellipsoids of 5-16 (left) and 5-19 (right)
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Figure 5-7 Close up view of TES 2-CF3-pentacene (5-16) (top) and TCPS 2-CF3 (5-19) pentacene
(bottom) 1D slipped stack arrangement
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TNPS 2-CF3-pentacene – cruciform packing

Figure 5.8 TNPS 2-CF3-pentacene (5-17) thermal ellipsoid (left) and packing of 2 molecules to
demonstrate cruciform arrangement (right)
The solid state packing of 5-17 adopted an unusual and seldom seen minimally π
stacking arrangement in which there is little overlap between the acene faces of neighboring
molecules. Trifluoromethyl groups on directly neighboring molecules are far apart from one
another. The most electron deficient conjugated ring in the pentacene 1 with closest proximity
to the perfluoromethyl group is stacked closest to the most electron rich conjugated ring in
neighboring pentacene 2 (Figure 5-7 right) with closest C…C contacts of 3.348 Å. In addition,
there are possibly some weak hydrogen bonding F…H-C interactions (H…F = 3.17 Å) between the
tri-n-propyl groups and neighboring CF3 groups. The macromolecular packing (Figure 5-8)
shows zig-zags of molecules where only the very ends of acenes overlap one another. Due to
the extremely minimal π-π interactions present in the molecular packing of this material, it is
not expected to be a good semiconductor material. In device studies, this material performed
poorly in terms of PCE.
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Figure 5-9 Macromolecular crystal packing of TNPS 2-CF3-pentacene (5-17)
5.4 TIBS 2-CF3-pentacene (5-18) – 1D “sandwich herringbone”
During the synthesis and purification of TIBS 2-CF3-pentacene (5-18), I first attempted
to recrystallize the material out of acetone. The material was dissolved in a minimal amount of
solvent and temperature gradually decreased in the freezer. The solid precipitate that then
formed as a result of this recrystallization attempt formed a gel in solution (Figure 5-9 left)
rather than sharp crystals that are normally seen with functionalized pentacenes. Filtration of
the solid materials yielded a blue and fluffy blanket-like material (Figure 5-9 right).
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Figure 5-10 TIBS 2-CF3-pentacene (5-18) gel in acetone (left) and post filtration (right)
Crystals of 5-18 were successfully grown from slow diffusion in chloroform/methanol
(Figure 5-10). However, multiple crystallization attempts of this material have indicated that the
formation of large crystals is concentration dependent on the initial concentration of the
material in chloroform during slow diffusion. This material can also be recrystallized from
ethanol – although the crystals formed are much smaller and not suitable for single crystal x-ray
crystallography. The material adopts a 1D “sandwich herringbone” packing motif in which
there is a continuous 1D “tape” of acenes extending into and out of the plane of the page,
sandwiched in a perpendicular manner by other pentacene pairs. The closest aromatic C …C
contacts are 3.439 Å apart.

Figure 5-11 Crystals of TIBS 2-CF3-pentacene (5-18) grown from slow diffusion
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Figure 5.12 1D “sandwich herringbone” of TIBS 2-CF3-pentacene (5-18)
A summary of the electrochemical properties of 2-CF3-pentacene s as well as the
materials device performances are given in tables 5.1 and 5.2. The addition of a single
perfluoromethyl group onto the pentacene core lowered the LUMO by approximately 0.15 eV.
The material with 1D “sandwich herringbone” packing was used as an acceptor in BHJ solar cells
with P3HT as the donor and achieved an un-optimized efficiency of 1.28%.
Table 5.1 Electrochemical properties of 2-CF3-pentacenes
Material

HOMO
(eV)
5.29
5.30
5.29
5.31
5.30

CF3 TIPS Pentacene 5-15
CF3 TES Pentacene 5-16
CF3 TNPS Pentacene 5-17
CF3 TIBS Pentacene 5-18
CF3 TCPS Pentacene 5-19

LUMO
(eV)
3.45
3.42
3.44
3.45
3.45

E Gap
1.84
1.88
1.85
1.86
1.85

E Gap (optical,
solution)
1.83
1.87
1.86
1.86
1.85

Solution λmax
(nm)
678
665
666
668
671

Table 5.2 P3HT/2-CF3-pentacenes device summary
Material

Packing

LUMO

Voc (V)

CF3 TIPS Pentacene 5-15

Double sandwich
herringbone
Slipped stack
Cruciform
Sandwich
herringbone
Slipped stack

3.45

CF3 TES Pentacene 5-16
CF3 TNPS Pentacene 5-17
CF3 TIBS Pentacene 5-18
CF3 TCPS Pentacene 5-19

FF

PCE

0.74

Jsc
(mA/cm2)
2.55

0.30

0.57

3.42
3.44
3.45

0.64
0.62
0.80

1.20
1.10
3.34

0.29
0.27
0.48

0.22
0.18
1.28

3.45

0.80

3.06

0.36

0.88
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The addition of a single perfluoromethyl group onto pentacene has a large effect on the
resulting crystal packing of the material. This class of materials appears to be quite sensitive to
small changes in molecular structure in terms of crystal packing, as evidenced by the large
variety of crystal packing motifs that were observed as a result of small changes to the
solubilizing trialkylsilyl substitution. None of the molecules adopted 2D stacking motifs.
5.5 Peri-CF3-pentacenes
I

5-21

CF3 Br

CF3

CF3
a

b

Br
+
Br

Br
+
Br

Br
Br

Br

Br

5-22

CF3

5-23
R
CF3

O

CF3

O
R

c
5-23

Li

+
d
O

O
5-24
R
R = TIPS
5-25
R = TCPS 5-26
R = TIBS 5-27
R = TNPS 5-28

Figure 5.13 Synthesis of 1-CF3-pentacenes
a) CuI, NaCOOCF3 b) NBS, AIBN c) KI, DMF d) SnCl2/10% HCl
3-(Trifluoromethyl)phthalic acid or its analogs are not commercially available at
reasonable costs for scale-up reactions. The synthesis of 1-trifluoromethyl pentacenes
proceeded from 3-iodo-o-xylene (5-21), converting it to 3-trifluoromethyl-o-xylene (5-22) via
copper mediated perfluoroalkylation in NMP at high temperature with stoichiometric amounts
of CuI138. The source of the CF3 group is from the sodium salt of trifluoroacetic acid. 5-22 was
brominated with NBS to give a variety of bromination products including the di-, tri-, and tetra
brominated products (5-23). The product mixture was used in a Cava reaction with 1,4anthraquinone to obtain the 1-trifluoromethylpentacenequinone (5-24). Ethynylation with
lithiated trialkylsilyl acetylene, followed by deoxygenation with stannous chloride and dilute acid
resulted in the desired pentacenes (5-25 to 5-28).
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The only 1-CF3-pentacene whose crystal structure could be solved was TNPS 1-CF3pentacene (5-28). The molecule adopts a 1D “double sandwich herringbone” packing motif
similar to that of TIPS 2-CF3-pentacene (5-15). The closest intermolecular aromatic C …C contacts
are 3.592 Å apart, and there does not appear to any F…HC or CF…Csp2 interaction (Figure 5.12
right).

Figure 5.14 TNPS 1-CF3-pentacene (5-28) thermal ellipsoid (top) and packing (bottom)
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Table 5.3 Electrochemical properties of 1-CF3-pentacenes
Material
1-CF3 TIPS pentacene 5-25
1-CF3 TCPS pentacene 5-26
1-CF3 TIBS pentacene 5-27
1-CF3 TNPS pentacene 5-28

HOMO
(eV)
5.28
5.30
5.29

LUMO
(eV)
3.40
3.43
3.40

E Gap
1.88
1.87
1.89

E Gap (optical,
solution)
1.86
1.86
1.86

Solution λmax
(nm)
666
665
668

Table 5.4 P3HT/1-CF3-pentacene s device summary
Material

Packing

LUMO

Voc (V)

1-CF3 TIPS pentacene 5-25
1-CF3 TCPS pentacene 5-26
1-CF3 TIBS pentacene 5-27
1-CF3 TNPS pentacene 5-28

N/A
N/A
N/A
Double sandwich
herringbone

3.40
3.43
3.40

0.60
0.92
0.86
0.37

Jsc
2
(mA/cm )
0.55
2.07
1.83
0.92

FF

PCE

0.35
0.45
0.53
0.50

0.12
0.87
0.83
0.17

Electrochemical studies found that 2- substitution of the trifluoromethyl group on
pentacene lowers the LUMO of the materials slightly more than 1- substitution. The differences
are negligible – less than 0.05 eV. Two of the 1-CF3-pentacene s performed significantly better
in device studies than their counterparts (Table 5.4). Unfortunately the crystal packing of these
two materials could never be elucidated and no structure-efficiency correlations can be drawn.
The efficiency of the double sandwich herringbone packing material (5-28) was several times
lower than 5-26 and 5-27. Although 1-CF3 TNPS pentacene (5-28) shares the same molecular
packing as 2-CF3 TIPS pentacene (5-15), the device efficiency of 5-15 is several times higher
(0.57% vs 0.17%). Mostly this is due to the uncharacteristically low open circuit voltage that was
found in devices made with 5-28. The results indicate that this material, when used with P3HT
in devices, is prone to unusually high charge carrier recombination. The material has a large
intermolecular aromatic C…C distances of just less than 3.5 Å, larger than C…C van der Waals
radius of carbon (3.4 Å), suggesting minimal π-π interaction between neighboring molecules.
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5.6 2-CF2CF3-pentacenes
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Figure 5.15 Synthesis of 2-perfluoroethyl pentacenes
a) CuI, NaCOOCF2CF3 b) NBS, AIBN c) KI, DMF d) SnCl2/10% HCl
The effect of a long chain perfluoroalkyl group vs. trifluoromethylation on a pentacene
core was also studied with the synthesis of 2-perfluoroethyl pentacenes. We were curious to
see what effect longer perfluoroalkyl chain substitution would have on the electronics as well as
the solid state packing. The synthesis of 2-perfluoroethyl pentacenes was similar to that of 1perfluoromethyl pentacenes. Starting with commercially available 4-iodo-o-xylene (5-29), which
was reacted with sodium pentafluoropropionate with CuI and NMP to get 4-perfluoroethyl-oxylene (5-30). 5-30 was brominated with NBS to give a variety of bromination products
including the di-, tri-, and tetra- brominated products (5-31). The product mixture was used in a
Cava reaction with 1,4 anthraquinone to obtain the 2- perfluoroethylpentacenequinone (5-32).
Ethynylation with lithiated trialkylsilyl acetylene, followed by deoxygenation with stannous
chloride and dilute acid resulted in the desired pentacenes (5-33 to 5-37).
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Figure 5.16 TIPS 2-CF2CF3 (5-33) thermal ellipsoid (left) and crystal packing (right)
Of all 2-perfluoroethyl pentacenes synthesized, only the TIPS derivative (5-33) grew
suitably large crystals whose structure could be solved. The material packs in a 1D “double
sandwich herringbone” packing motif similar to 2-CF3 TIPS pentacene (5-15) and 1-CF3 TNPS
pentacene (5-28). The closest carbon-carbon contact between aromatic faces was found to be
3.383 Å, and there was some C-F…Csp2 interactions as well (3.203 Å).
The energy levels of perfluoroethyl pentacenes were virtually identical to those of the
corresponding 2-CF3-pentacene s (Table 5.5). The best performing materials for this class of
pentacenes were the TIPS 2-CF2CF3-pentacene (5-33) and TCPS 2-CF2CF3-pentacene (5-37). One
reason that this class of materials did poorly in comparison to perfluoromethyl pentacenes
could be that the perfluoroethyl group disrupts π-π interactions, and becomes an insulating
layer between aryl faces.
Table 5.5 Electrochemical properties of 2-CF2CF3-pentacenes
Material
TIPS 2-CF2CF3-pentacene 5-33
TES 2-CF2CF3-pentacene 5-34
TIBS 2-CF2CF3-pentacene 5-35
TNPS 2-CF2CF3-pentacene 5-36
TCPS 2-CF2CF3-pentacene 5-37

HOMO
(eV)
5.32

LUMO
(eV)
3.42

E Gap

5.29

3.43

1.86
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1.90

E Gap (optical,
solution)
1.86
1.85
1.85
1.86
1.85

Solution λmax
(nm)
668
669
670
668
669

Table 5.6 P3HT/2-CF2CF3-pentacene s device summary
Material

Packing

LUMO

Voc (V)

TIPS 2-CF2CF3-pentacene 5-33

Double sandwich
herringbone
N/A
N/A
N/A
N/A

3.42

3.43

TES 2-CF2CF3-pentacene 5-34
TIBS 2-CF2CF3-pentacene 5-35
TNPS 2-CF2CF3-pentacene 5-36
TCPS 2-CF2CF3-pentacene 5-37

FF

PCE

0.64

Jsc
2
(mA/cm )
2.28

0.33

0.48

0.54
0.54
0.48
0.70

0.97
0.90
0.56
2.60

0.28
0.28
0.30
0.32

0.15
0.14
0.08
0.59

5.7 Lifetime and stability studies in devices
Lifetime stability studies of BHJ solar cells were conducted at ambient laboratory
conditions, in air and with ambient laboratory lighting. The devices were fabricated in a glove
box, measured post fabrication and set out in air and re-measured in the glove box at set time
intervals. PFE-TCPS-Pn refers to compound 5-37, CF3-TCPS-Pn refers to 5-19 and CN-TCPS-Pn
refers to 4-33. Samples were chosen at random with a good distribution between various
classes of electron deficient pentacenes. The changes in efficiencies were plotted with respect
to the initial measured device efficiency immediately post-fabrication.
While immediately following fabrication, pentacene based cells were seen to degrade
faster than PCBM based cells, our materials over time degraded at a similar rate to that of
P3HT/PCBM cells. After 6 hours, the degradation of one of our materials was shown to be
slower than that of P3HT/PCBM (2-perfluoroethyl TCPS pentacene 5-37). Device encapsulation
will likely be a requisite for device fabrication in the future regardless of materials used.
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Figure 5-17 Lifetime stability studies in devices

5.8 Conclusions
Trifluoromethyl pentacenes and perfluoroethyl pentacenes were synthesized and were
found to be viable acceptrs in BHJ solar cells with P3HT as the donor. A wide variety of packing
motifs were exhibited by various perfluoroalkyl pentacenes. The material that adopted a 1D
“sandwich herringbone” packing motif outperformed materials of all other solid state packing
motifs, confirming the results found in cyano-pentacenes. 5-18 in particular gave high
photovoltaic efficiencies above 1%. Materials that adopt minimally π-stacking packing motifs
performed very poorly. Extending the length of the perfluoroalkyl chain did not significantly
impact HOMO-LUMO levels of the pentacene as compared to shorter perfluoromethyl
pentacenes. Extending the length of the perfluoroalkyl chain, however, disrupted the solid state
packing of the materials and led to devices that were less efficient. Furthermore, perfluoroalkyl
substituted pentacenes are comparable in stability to PCBM in photovoltaic devices.
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5.9 Experimental Details
General:
Bulk solvents (hexanes, dichloromethane, acetone, tetrahydrofuran, ether, methanol,
ethanol, ethyl acetate) were purchased from Pharmco-Aaper. Anhydrous THF was purchased
from Aldrich. Triisopropylsilyl acetylene was purchased from GFS Chemicals. 4-Trifluoromethyl
phthalic acid was purchased from TCI America. Silica gel 230-400 mesh was purchased from
Sorbent Technologies. All other chemicals were used as supplied from Aldrich, or prepared by
literature methods. Inconsistent fonts here
All finished and final chemical products synthesized were characterized by 1H and 13C
NMR, solution and solid state UV-Vis from 300 nm to 800 nm, EI or MALDI mass spec, and
solution electrochemistry. Select compounds were further characterized via DSC and elemental
analysis.
NMR spectra were measured on Varian (Gemini 200 MHz or Unity 400 MHz)
spectrometers. Chemical shifts are reported in ppm relative to CDCl3 as an internal standard (1H
NMR: CDCl3 at 7.24 ppm; 13C NMR: CDCl3 at 77.23 ppm). UV-Vis spectra was measured on a UV2501PC Shimadzu instrument. Mass spectroscopy was analyzed in EI mode at 70 eV on a JEOL
(JMS-700T) mass spectrometer. GC-MS data were collected using an Agilent technologies
6890N GC with 5973 MSD, or a Hewlett-Packard G1800A GCD system. Melting and
decomposition points were determined by differential scanning calorimetry on a TA DSC-Q100
at a rate of 8 °C/minute. Cyclic and Differential pulse voltammetry was carried out on a BAS CV50W potentiostat under a blanket of N2, at a scan rate of 50 and 20 mV/s respectively, and
Fc/Fc+ was used as an internal standard. A 0.1M Bu4NPF6 solution in dichloromethane was used
as the supporting electrolyte solution, with a platinum button working electrode, a platinum
wire counter electrode and a silver wire pseudo-reference electrode. Combustion analysis
performed by Columbia Analytical Services.
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4-Trifluoromethyl-phthalic acid dimethyl ester (5-11)
4-Trifluoromethyl-1,2-phthalic acid (5 g, 21.36 mmol) was dissolved in 200 mL of methanol,
followed by 10 mL of conc. H2SO4. The reaction was stirred at reflux for 1 day. The reaction was
then cooled to room temperature, and the solvent removed under vacuum. The liquid was
dissolved in diethyl ether, and extracted with water several times. The organic layer was dried
with magnesium sulfate, filtered, and the solvent evaporated to yield 4-trifluoromethyl-1,2dimethylphthalate (4.87 g, 18.57 mmol, 87%) as a clear liquid. 1H-NMR (CDCl3, 200 MHz) δ 3.86
(2 s, 6H), 7.73 (d, J = 1 Hz, 2H), 7.97 (s, 1H). 3C-NMR (CDCl3, 50 MHz) δ 53.020, 126.189,
128.101, 128. 313, 129.489, 132.273, 132.691, 135.855, 166.438, 167.211. GC-MS: m/z: 262
(C11H9F304).
(2-Hydroxymethyl-5-trifluoromethyl-phenyl)-methanol (5-12)
To a flame dried round bottom flask cooled under nitrogen was added 25.9 g of 4trifluoromethyl-phthalic acid dimethyl ester (98.9 mmol) and 200 mL of anhydrous
dichloromethane. The flask was placed in an ice bath and cooled to 0 °C. 415.5 mL of DIBAlH
(1.0 M in hexanes) was added slowly over the course of two hours. The reaction mixture was
gradually warmed to room temperature and stirred for an additional 16 hours. The next day,
the reaction mixture was quenched slowly with ice water, and the solids filtered and rinsed with
dichloromethane. The dichloromethane layer was extracted twice with water and dried with
magnesium sulfate. The quenched DIBAlH salts were rinsed with hot ethyl acetate and
combined with previously collected product from dichloromethane extraction to give the
product as a clear viscous oil after solvent was evaporated. 19.7 g (97% yield) of product was
collected . 1H-NMR (CDCl3, 200 MHz) δ4.677 (s, 6H), 7.441 (d, J = 7.8 Hz, 1H), 7.566 (d, J = 8.5 Hz,
1H), 7.645 (s, 1H). 13C-NMR (CDCl3, 50 MHz) δ62.617, 121.418, 124.969, 125.029, 125.576,
126.820, 129.202, 139.779, 142.814. GC-MS: m/z: 204 (C9H9F302 +-H).
1,2-Bis-bromomethyl-4-trifluoromethyl-benzene (5-13)
To a round bottom flask was added (2-Hydroxymethyl-5-trifluoromethyl-phenyl)-methanol
(19.7g), and 300 mL of aqueous HBr (48% in water). The reaction mixture was heated at reflux
for 16 hours and then cooled to room temperature. The desired product was extracted with
hexanes. The organic layer was dried with magnesium sulfate, filtered and the solvent
evaporated off to yield the desired product as an orange liquid. 25.9 g (82% yield). 1H-NMR
(CDCl3, 200 MHz) δ 5.126 (2 s, 4H ), 7.480 (m, 3H). 13C-NMR (CDCl3, 50 MHz) δ 31.799, 118.397,
121.591, 124.899, 131.780, 140.247. GC-MS: m/z: 332 (C9H7Br2F3).
2-Trifluoromethyl pentacenequinone (5-14)
To a nitrogen purged round bottom flask was added 11 g of 1,4-anthraquinone (52.8 mmol) and
13.29g (40 mmol) 1,2-Bis-bromomethyl-4-trifluoromethyl-benzene. 100 mL of degassed DMF
was added to the flask under nitrogen and the reactants heated to 90 °C. 58.7 g of KI (353.6
mmol) was then slowly added to the reaction, and the temperature was raised to 130 °C. The
reaction mixture was stirred for 32 hours. The reaction mixture was subsequently cooled to
room temperature and the solids filtered and washed with acetone, followed by copious
amounts of THF and ether. The insoluble yellow solid was then allowed to air dry for several
hours to yield 6.9 g (46%) of quinone. MS (EI 70 eV) m/z 376 (100%, M+).
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2-Trifluoromethyl-6,13-bis-[triisopropylsilylethynyl]-pentacene (TIPS 2-CF3-pentacene ) (5-15)
To a flame dried, nitrogen cooled round bottom flask was added hexanes (10 mL), followed by
triisopropylsilylacetylene (1.04 mL, 4.65 mmol). 1.6 mL (3.98 mmol) of n-BuLi (2.5M in hexanes)
was added slowly to the flask and the contents stirred for one hour. 2-Trifluoromethyl
pentacene quinone (0.5 g, 1.33 mmol) was then added to that flask followed by 20 mL of
anhydrous THF, and the contents stirred for one hour (until all the solids have dissolved).
Deoxygenation proceeded with the addition of 3 mL of 10% H2SO4 and stannous chloride
dihydrate, and stirring vigorously for 1 hour. The reaction mixture was then worked up and
purified by silica gel column chromatography, using hexanes as an eluent. The product was
further purified by recrystallization from acetone. The resulting product was filtered and dried
in air to obtain 0.60g (64 % yield) of pure product. 1H NMR (400 MHz, CDCl3): δ 1.368 (s, 42H),
7.401 (dd, J = 3.0 Hz, J = 6.6 Hz, 2H), 7.464 (dd, J = 1.4 Hz, J = 8.6 Hz, 1H), 7.947 (dd, J = 3.2 Hz, J =
6.6 Hz, 2H), 8.022 (d, J = 9.2 Hz, 1H), 8.237 (s, 1H), 9.310 (s, 2H), 9.327 (s, 1H), 9.385 (s, 1H) . 13C
NMR (100 MHz, CDCl3): δ 11.863, 19.198, 104.412, 104.524, 108.108, 108.318, 118.987,
119.189, 121.083, 121.111, 123.113, 125.814, 126.556, 126.612, 126.640, 126.752, 127.060,
127.232 (q, Jc-F = 5.6 Hz), 127.634, 127.956, 128.809, 128.893, 130.349, 130.461, 130.979,
131.021, 131.161, 132.085, 132.757, 132.827. MS (EI 70 eV) m/z 706 (100%, M+ - 1) 707 (59%,
M+). MP (decomp): 228 °C. Elemental analysis calculated for C45H53F3Si2: C 76.44, H 7.56. Found:
C 76.22, H 7.67.
2-Trifluoromethyl-6,13-bis-[(triethylsilyl)-ethynyl]-pentacene (TES 2-CF3-pentacene ) (5-16)
To a flame dried, nitrogen cooled round bottom flask was added hexanes (10 mL), followed by
triisobutylsilylacetylene (0.95 g, 6.76 mmol). 2.32 mL (5.8 mmol) of n-BuLi (2.5M in hexanes)
was added to the flask and the contents allowed to stir for one hour. 2-Trifluoromethyl
pentacene quinone (0.75 g, 1.93 mmol) was added to that flask and 20 mL of anhydrous THF
was added and the contents were stirred until all solids have dissolved. Deoxygenation
proceeded with the addition of 3 mL of 10% H2SO4 and stannous chloride dihydrate for 1 hour.
The reaction mixture was then worked up and purified by silica gel column chromatography,
using hexanes as an eluent. The product was not further purified by recrystallization due to
solubility problems. The product was crystallized via slow evaporation by a 1:1 mixture of
hexanes and dichloromethane. The resulting product was filtered and dried in air to obtain
0.21g (17 % yield) of pure product. 1H NMR (200 MHz, CDCl3): δ 0.923 (tq, J = 8.8 Hz, J = 1.4 Hz,
12 H), 1.251 (t, J = 7.2 Hz, 18 H), 7.399 (dd, J = 6.6 Hz, J = 3.4 Hz, 2H), 7.504 (s, 1H), 7.955 (dd, J =
6.8 Hz, J = 3.2 Hz, 2H), 8.030 (d, J = 8.8 Hz, 1H), 8.259 (s, 1H), 9.226 (m, 3H), 9.303 (s, 1H). 13C
NMR (50 MHz, CDCl3): δ 4.955, 8.020, 103.795, 103.917, 109.122, 109.327, 118.911, 119.199,
121.126, 121.187, 126.673, 126.757, 127.068, 127.295, 127.402, 127.500, 127.607, 128.851,
130.513, 130.922, 130.991, 131.135, 131.438, 132.182, 132.873, 132.956. MS (EI 70 eV) m/z 622
(M+ - 1). MP (decomp): °C.
2-Trifluoromethyl-6,13-bis-[(trinpropylsilyl)-ethynyl]-pentacene (TNPS 2-CF3-pentacene ) (5-17)
To a flame dried, nitrogen cooled round bottom flask was added hexanes (10 mL), followed by
trinpropylsilylacetylene (1.23 g, 6.76 mmol). 2.32 mL (5.8 mmol) of n-BuLi (2.5M in hexanes)
was added to the flask and the contents allowed to stir for one hour. 2-Trifluoromethyl
pentacene quinone (0.75 g, 1.93 mmol) was added to that flask and 20 mL of anhydrous THF
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was added and the contents were stirred until all solids have dissolved. Deoxygenation
proceeded with the addition of 3 mL of 10% H2SO4 and stannous chloride dihydrate for 1 hour.
The reaction mixture was then worked up and purified by silica gel column chromatography,
using hexanes as an eluent. The product was further purified by recrystallization from
isopropanol. The resulting product was filtered and dried in air to obtain 0.31g (22 % yield) of
pure product. 1H NMR (200 MHz, CDCl3): δ 0.908 (m, 12H), 1.130 (t, J = 7.0 Hz, 18H), 1.687 (m,
12H), 7.414 (dd, J = 6.6, J = 3.0, 2H), 7.471 (d, J = 9.2 Hz, 1H), 7.960 (dd, J = 6.6, J = 3.4, 2H), 8.035
(d, J = 9.2, 1H), 8.270 (s, 1H), 9.248 (m, 3H), 9.325 (s, 1H). 13C NMR (50 MHz, CDCl3): δ 16.572,
18.127, 18.499, 103.856, 103.962, 109.927, 110.139, 118.455, 119.237, 121.157, 126.673,
126.757, 127.045, 127.364, 128.934, 130.444, 130.991, 131.180, 132.190, 132.873, 132.956. MS
(EI 70 eV) m/z 706 (M+ - 1). MP (decomp): °C.
2-Trifluoromethyl-6,13-bis-[(triisobutylsilyl)-ethynyl]-pentacene (TIBS 2-CF3-pentacene ) (5-18)
To a flame dried, nitrogen cooled round bottom flask was added hexanes (10 mL), followed by
triisobutylsilylacetylene (1.52 g, 6.76 mmol). 2.32 mL (5.8 mmol) of n-BuLi (2.5M in hexanes)
was added to the flask and the contents allowed to stir for one hour. 2-Trifluoromethyl
pentacene quinone (0.75 g, 1.93 mmol) was added to that flask and 20 mL of anhydrous THF
was added and the contents were stirred until all solids have dissolved. Deoxygenation
proceeded with the addition of 3 mL of 10% H2SO4 and stannous chloride dihydrate for 1 hour.
The reaction mixture was then worked up and purified by silica gel column chromatography,
using hexanes as an eluent. The product was further purified by recrystallization from ethanol.
The resulting product was filtered and dried in air to obtain 0.31g (20 % yield) of pure product.
1
H NMR (400 MHz, CDCl3): δ 0.961 (d, J = 6.4 Hz, 36H), 1.182 (d, J = 6.4 Hz, 12H), 2.154 (sept, J =
7.4Hz, 6H), 7.420 (dd, J = 6.4, J = 3.2, 2H), 7.478 (d, J = 8.8 Hz, 1H), 7.953 (dd, J = 6.4, J = 3.2, 2H),
8.026 (d, J = 8.8, 1H), 8.244 (s, 1H), 8.263 (s, 2H), 8.285 (s, 1H), 9.361 (s, 1H). 13C NMR (100
MHz, CDCl3): δ 25.077, 25.217, 25.581, 25.679, 26.262, 26.770, 89.743, 94.894, 104.412,
104.510, 110.809, 111.005, 118.955, 119.249, 121.129, 126.570, 126.640, 126.948, 127.186,
128.795, 130.293, 130.363, 131.021, 131.217, 131.553, 132.099, 132.757, 132.841. MS (EI 70
eV) m/z 790 (M+ - 1), 791 (M+), 454 (100%). MP (decomp): 173 °C. Elemental analysis calculated
for C51H65F3Si2: C 77.42, H 8.28. Found: C 77.55, H 8.43.
2-Trifluoromethyl-6,13-bis-[(tricyclopentylsilyl)-ethynyl]-pentacene (TCPS 2-CF3-pentacene ) (519)
To a flame dried, nitrogen cooled round bottom flask was added hexanes (10 mL), followed by
tricyclopentylsilylacetylene (1.82 g, 7 mmol). 2.7 mL (6 mmol) of n-BuLi (2.5M in hexanes) was
added to the flask and the contents allowed to stir for one hour. 2-Trifluoromethyl pentacene
quinone (0.75 g, 1.93 mmol) was added to that flask and 20 mL of anhydrous THF was added
and the contents were stirred until all solids have dissolved. Deoxygenation proceeded with the
addition of 3 mL of 10% H2SO4 and stannous chloride dihydrate for 1 hour. The reaction mixture
was then worked up and purified by silica gel column chromatography, using hexanes as an
eluent. The product was not further purified by recrystallization due to solubility problems. The
product was crystallized via slow evaporation from dichloromethane, and the resulting product
was filtered, rinsed with methanol and dried in air to obtain 0.77g (48 % yield) of pure product.
1
H NMR (200 MHz, CDCl3): δ 1.295 (m, 6H), 1.626 (m, 36H), 2.007 (m, 12H), 7.409 (dd, J = 6.6, J =
3.2, 2H), 7.473 (d, J = 8.8 Hz, 1H), 7.938 (dd, J = 6.6, J = 3.4, 2H), 8.011 (d, J = 9.2, 1H), 8.240 (s,
1H), 9.268 (m, 3H), 9.369 (s, 1H). 13C NMR (50 MHz, CDCl3): δ 24.175, 27.286, 29.638, 103.636,
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103.742, 108.819, 109.046, 121.225, 126.673, 126.825, 127.128, 128.934, 130.444, 131.097,
131.287, 131.613, 132.235, 132.903, 132.979. MS (EI 70 eV) m/z 862 (M+ - 1). MP (decomp): °C.
1,2-Dimethyl-3-trifluoromethyl-benzene (5-22)
To a nitrogen purged, flame dried round bottom flask was added 25 g of 1-iodo o-xylene (107.7
mmol), 117.2 g of sodium trifluoroacetate (861.8 mmol), 41 g of CuI (215.4 mmol) and 200 mL
of anhydrous NMP. The reaction contents were heated at 160 °C for 16 hours. After 16 hours,
the reaction flask was allowed to cool to room temperature and the reaction mixture run
through a thick silica gel plug with hexanes. The collected yellow liquids were then evaporated
to dryness on a rotary evaporator and the oil distilled at 65 °C (10-1 Torr) to collect the desired
product. 8.8 g of the product, a clear colorless liquid, was collected (47%). 1H NMR (200 MHz,
CDCl3): δ 2.281 (s, 3H), 2.329 (s, 3H), 7.073 (t, J = 7.8 Hz, 1H), 7.249 (d, J = 7.6 Hz, 1H), 7.423 (d, J
= 8.0, 1H). 13C NMR (50 MHz, CDCl3): δ 20.417, 22.981, 132.618, 125.591, 133.482, 138.868. GCMS: m/z: 174 (C9H9F3).
1,2-Bis-bromomethyl-3-trifluoromethyl-benzene, 2-Bromomethyl-1-dibromomethyl-3trifluoromethyl-benzene, 1,2-Bis-dibromomethyl-3-trifluoromethyl-benzene (5-23)
To the 8.8 g (50.6 mmol) 1,2-dimethyl-3-trifluoromethyl-benzene (2a) was added 40.5 g (227.5
mmol) of NBS. 150 mL of 1,2 dichloroethane was added as well as a catalytic amount of AIBN.
The reaction was refluxed at 75 °C for 16 hours. The reaction flask was then cooled to room
temperature and the reaction mixture filtered through a thin pad of silica gel, washing with
hexanes. 21.0 g of liquid product was collected, and shown to be a mixture of products by
GC/MS. The product was used in the next step without further purification. GC-MS: m/z: 330
(C9H7Br2F3 +-H), 411 (C9H6Br3F3), 409 (C9H5Br4F3+-Br).
1-Trifluoromethyl pentacenequinone (5-24)
To a nitrogen purged round bottom flask was added 10.4 g of 1,4 anthraquinone (49.9 mmol)
and approximately 50 mmol of the mixture of brominated 1-trifluoromethyl o-xylenes. 40 mL of
degassed DMF was added to the flask under nitrogen and the reactants heated to 90 °C. 55.6 g
of KI (335 mmol) was then slowly added to the reaction, and the temperature raised to 130 °C.
The reaction mixture stirred for 32 hours, and then cooled to room temperature. The solids
were filtered and washed with acetone, followed by THF and ether. The insoluble yellow solid
was then allowed to air dry for several hours to yield 4.9 g (26%). MS (EI 70 eV) m/z 376
(100%, M+).
1-Trifluoromethyl-6,13-bis-[triisopropylsilylethynyl]-pentacene (TIPS 1-CF3-pentacene ) (5-25)
To a flame dried, nitrogen cooled round bottom flask was added hexanes (10 mL), followed by
triisopropylsilylacetylene (1.6 mL, 7 mmol). 2.4 mL (6 mmol) of n-BuLi (2.5M in hexanes) was
added to the flask and the contents stirred for one hour at room temperature. 1Trifluoromethyl pentacene quinone (0.75g, 2 mmol) was added to that flask, followed by 20 mL
of anhydrous THF and stirred for one hour (until all solids have dissolved). Deoxygenation
proceeded with the addition of 3 mL of 10% H2SO4 and stannous chloride dihydrate for 1 hour.
The reaction mixture was then worked up and purified by silica gel column chromatography,
using hexanes as eluent. The product was further purified by recrystallization from acetone.
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The resulting product was filtered and dried in air to obtain 0.85g (61 %) of pure product. 1H
NMR (400 MHz, CDCl3): δ 1.369 (s, 42H), 7.367 (t, J= 3.8 Hz, 1H), 7.406 (dd, J = 1.6 Hz, J = 3.4 Hz,
2H), 7.797 (d, J = 3.6 Hz, 1H), 7.969 (m, 2H), 8.110 (d, J = 4.4 Hz, 1H), 9.315 (s, 1H), 9.364 (d, 3.2
Hz, 2H), 9.687 (s, 1H). 13C NMR (100 MHz, CDCl3): δ 10.91, 19.114, 104.23, 104.53, 107.91,
108.64, 118.550, 119.669, 125.232, 125.996 (q, JC-F = 7.0 Hz), 126.500, 126.500, 126.556,
126.836, 126.892, 127.956, 128.851, 128.949, 130.545, 130.951, 131.105, 131.357, 132.211,
132.757, 133.946. MS (EI 70 eV) m/z 706 (100%, M+ - 1) 707 (57%, M+). MP: 275 °C (decomp).
1-Trifluoromethyl-6,13-bis-[tricyclopentylsilylethynyl]-pentacene (TCPS 1-CF3-pentacene ) (526)
1

H NMR (400 MHz, CDCl3): δ 1.312 (m, 6H), 1.599 (m, 12H), 1.734 (m, 24H), 2.032 (m, 12H),
7.380 (d, J = 8.0 Hz, 1H), 7.426 (dd, J = 6.8 Hz, 3.2 Hz, 2H), 7.807 (d, J = 7.2 Hz, 1H), 7.943 (m, 2H),
8.094 (d, J = 8.8 Hz, 1H), 9.270 (s, 1H), 9.328 (d, J = 5.6 Hz, 2H), 9.651 (s, 1H). 13C NMR (100 MHz,
CDCl3): δ 24.139, 24.209, 27.232, 27.330, 29.598, 29.640, 103.377, 103.615, 108.542, 109.213,
118.564, 119.698, 123.728, 124.260, 125.898, 125.954, 126.556, 126.528, 126.808, 126.878,
127.956, 128.823, 130.517, 130.937, 131.077, 131.329, 132.211, 132.757, 133.890. MS (EI 70
eV) m/z 862 (M+).
1-Trifluoromethyl-6,13-bis-[triisobutylsilylethynyl]-pentacene (TIBS 1-CF3-pentacene ) (5-27)
1

H NMR (400 MHz, CDCl3): δ 0.956 (dd, J = 5.2 Hz, 2.8 Hz, 12 H), 1.140 (d, J = 6.4, 18H), 1.183 (d, J
= 6.4, 18H), 2.126 (m, 6H), 7.376 (d, J = 7.6, 1H), 7.417 (dd, J = 6.4 Hz, 2.8 Hz, 2H), 7.809 (d, J =
6.8 Hz, 1H), 7.953 (m, 2H), 8.096 (d, J = 8.8 Hz, 1H), 9.257 (s, 1H), 9.306 (s, 2H), 9.641 (s, 1H). 13C
NMR (100 MHz, CDCl3): δ 25.497, 25.567, 25.679, 26.686, 26.784, 104.119, 104.538, 110.613,
111.579, 118.340, 123.756, 126.458, 126.500, 126.556, 126.808, 127.858, 128.739, 128.809,
132.225, 132.715, 133.806. MS (EI 70 eV) m/z 790 (M+).
1-Trifluoromethyl-6,13-bis-[trinpropylsilylethynyl]-pentacene (TNPS 1-CF3-pentacene ) (5-28)
1

H NMR (400 MHz, CDCl3): δ 0.939 (m, 12H), 1.139 (m, 18H), 1.728 (m, 12H), 7.379 (d, J = 7.2 Hz,
1H), 7.430 (dd, J = 6.8 Hz, 3.2 Hz, 2H), 7.814 (d, J = 6.8, 1H), 7.989 (dd, J = 6.4 Hz, 3.2 Hz, 2H),
8.129 (d, J = 8.8 Hz, 1H), 9.257 (s, 1H), 9.298 (s, 2H), 9.667 (s, 1H). 13C NMR (100 MHz, CDCl3): δ
16.468, 16.566, 18.078, 18.190, 18.582, 18.610, 103.461, 103.867, 109.675, 110.375, 118.410,
119.613, 123.742, 124.288, 125.912, 125.968, 126.500, 126.556, 126.640, 126.808, 127.830,
128.823, 128.907, 130.433, 130.937, 131.012, 131.077, 132.197, 132.720, 132.785, 133.862. MS
(EI 70 eV) m/z 706 (M+).
1,2-Dimethyl-4-pentafluoroethyl-benzene (5-30)
To a nitrogen purged, flame dried round bottom flask was added 15 g of 4-iodo o-xylene (64.7
mmol), 16.8g of sodium pentafluoropropionic acid (90.5 mmol), 12.3 g of CuI (64.6 mmol) and
100 mL of anhydrous NMP. The reaction mixture was heated at 170 °C for 16 hours, then
cooled to room temperature and run through a thick silica gel plug with hexanes. The collected
yellow liquids were then evaporated to dryness on a rotary evaporator and the oil distilled at 60
°C (10 -1 Torr) to collect the desired product. 9.14 g of the product, a clear colorless liquid, was
collected (63%). 1H NMR (200 MHz, CDCl3): δ 2.347 (s, 6H), 7.247 (d, J = 7.8 Hz, 1H), 7.357 (s,
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1H), 7.401 (s, 1H). 13C NMR (50 MHz, CDCl3): δ 19.810, 19.840, 124.013 (t, J = 6.1 Hz), 127.472 (t,
J = 6.1 Hz), 130.158, 137.563, 141.205. GC-MS: m/z: 224 (C10H9F5).
1,2-Bis-bromomethyl-4-pentafluoroethyl-benzene, 1-Bromomethyl-2-dibromomethyl-4pentafluoroethyl-benzene, 1,2-Bis-dibromomethyl-4-pentafluoroethyl-benzene (5-31)
To a nitrogen purged, flame dried two neck round bottom flask was added 9.14 g (40.8 mmol) of
1,2-dimethyl-4-pentafluoroethyl-benzene (3a) and 36.3 g (204 mmol) of NBS. 200 mL of 1,2
dichloroethane was added as well as a catalytic amount of AIBN. The reaction was heated at
reflux (75 °C) for 16 hours. The reaction mixture was then cooled and filtered through a thin
pad of silica gel, washing with 1:1 dichlormethane:hexanes. 28.16 g of liquid product was
collected, and shown to be a mixture of products by GC/MS. The product mixture was used in
the next step without further purification. GC-MS: m/z: 382 (C10H7Br2F5), 379 (C10H6Br3F5 + -Br),
420 (C10H5Br4F5+-Br,-2F),
2-Pentafluoroethyl pentacenequinone (5-32)
To a nitrogen purged round bottom flask was added 8.5 g of 1,4 anthraquinone (40.9 mmol) and
approximately 40 mmol of the mixture of brominated 2-pentafluoroethyl o-xylenes. 30 mL of
degassed DMF was added to the flask under nitrogen and the reactants heated to 90 °C. 45.4 g
of KI (274 mmol) was then slowly added to the reaction, and the temperature was raised to 130
°C. The reaction mixture was stirred for 32 hours, then cooled to room temperature and the
solids filtered and washed with acetone, followed by copious amounts of THF and ether. The
insoluble yellow solid was then allowed to air dry for several hours to yield 5.9 g (34%). MS (EI
70 eV) m/z 426 (100%, M+).
2-Pentafluoroethyl-6,13-bis-[triisopropylsilylethynyl]-pentacene (TIPS 2-PFE pentacene) (5-33)
To a flame dried, nitrogen cooled round bottom flask was added hexanes (10 mL), followed by
triisopropylsilylacetylene (1 mL, 4.40 mmol). 1.55 mL (3.87 mmol) of n-BuLi (2.5M in hexanes)
was added to the flask and the contents stirred for one hour. 2-pentafluoroethyl pentacene
quinone (0.5 g, 1.76 mmol) was added to that flask followed by 20 mL of anhydrous THF, and
the contents stirred until all solids have dissolved. Deoxygenation proceeded with the addition
of 3 mL of 10% H2SO4 and stannous chloride dihydrate followed by stirring for 1 hour. The
reaction mixture was then worked up and purified by silica gel column chromatography, using
hexanes as an eluent. The product was further purified by recrystallization from acetone. The
resulting product was filtered and dried in air to obtain 0.32g (36%) of pure product. 1H NMR
(400 MHz, CDCl3): δ 1.369 (s, 42H), 7.414 (dd, J= 1.6, J = 3.4 Hz, 2H), 7.449 (d, J = 4.8 Hz, 1H),
7.957 (dd, J = 3.4 Hz, J = 5.6 Hz, 2H) 8.040 (d, J = 4.8 Hz, 1H), 8.224 (s, 1H), 9.299 (d, J = 2.4, 2H),
9.337 (s, 1H), 9.394 (s, 1H). 13C NMR (100 MHz, CDCl3): δ 11.863, 19.198, 104.384, 104.510,
108.150, 108.416, 118.941, 119.291, 120.9, 121.1, 122.3, 126.024 (m), 126.640, 126.780,
127.088 (t, 1JC-F = 6) , 128.949, 129.425, 130.433, 130.951, 131.049, 131.189, 131.539, 132, 132,
132.785 (t, 2JC-F = 6) MS (EI 70 eV) m/z 756 (100%, M+ - 1) 757 (62%, M+). MP (decomp): 148 °C.
Elemental analysis calculated for C46H53F5Si2: C 72.98, H 7.06. Found: C 73.21, H 7.10.
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2-Pentafluoroethyl-6,13-bis-[triethylsilylethynyl]-pentacene (TES 2-PFE pentacene) (5-34)
1

H NMR (400 MHz, CDCl3): δ 0.94 (m, 12H), 1.27 (t, J 8.2 Hz, 18H), 7.41 (dd, J = 6.8 Hz, 3.2 Hz,
2H), 7.458 (d, J = 4.0 Hz, 1H), 7.96 (m, 2H), 8.05 (d, J = 4.0 Hz, 1H), 8.26 (s, 1H), 9.22 (s, 2H), 9.24
(s, 1H), 9.31 (s, 1H). 13C NMR (100 MHz, CDCl3): δ 4.963, 8.098, 103.657, 103.797, 109.045,
109.297, 118.774, 119.137, 121.573, 126.122, 126.542, 126.598, 126.668, 126.948, 128.809,
128.879, 129.201, 129.201, 130.209, 130.377, 130.727, 130.853, 130.993, 131.329, 131.987,
132.729, 132.813. MS (EI 70 eV) m/z 672 (M+).
2-Pentafluoroethyl-6,13-bis-[triisobutylsilylethynyl]-pentacene (TIBS 2-PFE pentacene) (5-35)
1

H NMR (400 MHz, CDCl3): δ 0.956 (dd, J = 6.8 Hz, 3.2 Hz, 12H), 1.182 (d, J = 5.8 Hz, 36H), 2.139
(m, 6H), 7.422 (dd, J = 6.8 Hz, 3.2 Hz, 2H), 7.463 (d, J = 9.2 Hz, 1H), 7.953 (dd, J = 6.8 Hz, 3.6 Hz,
2H), 8.035 (d, J = 4.6 Hz, 1H), 8.243 (s, 1H), 9.263 (s, 2H), 9.297 (s, 1H), 9.383 (s, 1H). 13C NMR
(100 MHz, CDCl3): δ 25.567, 25.679, 26.742, 26.770, 104.384, 104.482, 110.823, 111.061,
118.927, 119.305, 121.643, 125.268, 126.150, 126.556, 126.640, 126.892, 128.767, 128.879,
129.187, 130.055, 130.419, 131.007, 131.231, 131.581, 132.029, 132.197, 132.757, 132.855,
139.139. MS (EI 70 eV) m/z 840 (M+).
2-Pentafluoroethyl-6,13-bis-[trinpropylsilylethynyl]-pentacene (TNPS 2-PFE pentacene) (5-36)
1

H NMR (400 MHz, CDCl3): δ 0.934 (m, 12H), 1.154 (dt, J = 7.6 Hz, 1.2 Hz, 18 H), 1.700 (m, 12H),
7.430 (dd, J = 6.4 Hz, 1.6 Hz, 2H), 7.477 (d, J = 8.8 Hz, 1H), 7.974 (dd, J = 6.8 Hz, 3.6 Hz, 2H), 8.060
(d, J = 9.2 Hz, 1H), 8.274 (s, 1H), 9.232 (s, 2H), 9.268 (s, 1H), 9.353 (s, 1H). 13C NMR (100 MHz,
CDCl3): δ 16.566, 16.636, 18.218, 18.498, 18.582, 18.610, 103.755, 103.853, 109.885, 110.151,
118.843, 119.221, 121.643, 126.164, 126.598, 126.654, 126.710, 126.962, 128.865, 128.921,
129.313, 130.167, 130.419, 130.881, 131.105, 131.427, 132.029, 132.771, 132.869. MS (EI 70
eV) m/z 756 (M+).
2-Pentafluoroethyl-6,13-bis-[tricyclopentylsilylethynyl]-pentacene (TCPS 2-PFE pentacene) (537)
1

H NMR (400 MHz, CDCl3): δ 1.338 (m, 6H), 1.604 (m, 12H), 1.742 (m, 24H), 2.030 (m, 12H),
7.418 (dd, J = 6.8 Hz, 3.2 Hz, 2H), 7.456 (d, J = 9.2 Hz, 1H), 7.942 (m, 2H), 8.022 (d, J = 8.8 Hz, 1H),
8.211 (s, 1H), 9.257 (s, 2H), 9.291 (s, 1H), 9.377 (s, 1H). 13C NMR (100 MHz, CDCl3): δ 24.125,
27.274, 27.302, 29.654, 111.425, 114.446, 126.626, 126.738, 126.990, 128.837, 128.963,
130.139, 130.405, 130.601, 130.951, 132.211, 139.139. MS (EI 70 eV) m/z 912 (M+).
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Chapter 6: Conclusions
6.1 Summary of acenofullerenes and electron deficient pentacenes as novel acceptors
The prospect of low cost, solution processable organic photovoltaic devices on
flexible substrates has driven research in the organic solar cell field for the past few decades.
Bulk heterojunction solar cells in particular were able to overcome the of problem of short
exciton diffusion lengths inherent in organic materials. Organic bulk heterojunction solar cell
research in the last decade and a half have mostly been dominated by polymer/fullerene based
solar cells. In particular, PCBM has persistently been the most frequently researched acceptor in
bulk heterojunction OPVs. However, more diversity of research in this field is necessary as
efficiencies of solar cells fabricated with these materials are still quite low compared to those
fabricated using inorganic materials such as silicon and not ready yet for commercialization.
Initially, I synthesized a variety of novel pentacenofullerenes to be used as acceptors in
bulk heterojunction solar cells by using a range of electron rich and electron deficient
pentacenes. I was able to establish a direct correlation between the LUMO of the
acenofullerene acceptors and the Voc of the resulting solar cells with P3HT as the donor. I was
unable to establish a correlation between solubility and device performance amongst these
fullerene based materials. Such a relationship was previously suggested by a study of fullerene
based acceptors. Furthermore, due to the increased fullerene-fullerene contact distance as a
result of bulky pentacenes adducted to neighboring buckyballs, this class of materials gave
considerably lower efficiencies than PCBM. Successful fullerene based acceptors comparable in
performance to PCBM such as indenofullerenes have small substituents adducted to the
fullerene that do not significantly alter the three dimensional packing of the material.
I have synthesized a variety of air stable and soluble peri-functionalized
pentacenes with electro withdrawing groups to be used as acceptors in polymer/fullerene solar
cells. This is a novel class of materials for use as acceptors in bulk heterojunction solar cells.
These materials when used with P3HT as a donor were able to be fabricated into bulk
heterojunction photovoltaic devices with efficiencies as high as 1.53% with high open circuit
voltage. Small molecules such as pentacene have a tendency to form large crystals during the
spin casting process that greatly lowers device current and fill factor. To overcome this
morphological problem, variations in the spin cast solvent and the composition of the spin
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casting solution were varied to improve the morphological issues and improve efficiency. Over
the course of two years, we were able to increase device efficiency of one cyano-pentacene (433) from 0.23% to 1.53%. I synthesized a variety of pentacene based acceptors with varying
crystal packing motifs in the solid state. Every material that exhibited a 1D “sandwich
herringbone” packing motif outperformed analogous materials with the same energy levels, but
of all other packing motifs. We hypothesize that this material performs well in photovoltaic cells
because it establishes a direct tunnel-like charge carrier percolation pathway to the electrodes.
Additionally, device stability tests show that our materials are comparable in stability to PCBM.
6.2 Future Goals
Acene based materials tend to be flat, and lack a three-dimensional shape.
Comparatively, fulleroids are spherical and can transport charge three-dimensionally. What
was interesting in this study was that pentacene materials that adopt two-dimensional solid
state packing in which charge transport can occur along two different axis in the solid state,
similar to TIPS pentacene, all performed poorly in photovoltaic studies in terms of PCE
compared to 1D “sandwich herringbone” materials. It is necessary to gain a better
understanding of what makes pentacene based molecules adopt this packing motif and also why
this packing works so well for bulk heterojunction solar cells. If we can understand what is
necessary to force a “sandwich herringbone” packing , novel trialkyl ethynyl substituted acenes
with “sandwich herringbone” packing could be designed with better energy level matching and
smaller energy gaps. A partially fluorinated hexacene acceptor that adopts “sandwich
herringbone” packing would potentially far surpass the efficiencies we have seen so far with
pentacene based materials.
Device encapsulation of organic solar cells will most likely be necessary and is already
employed by organic photovoltaic companies such as Konarka and Solarmer for lifetime testing.
Once the 10% efficiency barrier has been broken by novel materials or device processing
research, commercialization of OPV devices will be rapid. I have every confidence that
commercialization of organic solar cells is achievable in the next two decades.
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Appendix I. Commonly used abbreviations

AM 1.5

Air mass 1.5 solar spectrum (global)

CV

Cyclic voltammetry

DPV

Differential pulse voltammetry

EA

Electron affinity

EQE

External quantum efficiency

Fc

Ferrocene

FF

Fill Factor

HOMO

Highest occupied molecular orbital

IP

Ionization potential

IPCE

incident photon-to-current conversion

Isc

efficiency
Short circuit current

ITO

Indium Tin Oxide

Jsc

Short circuit current density

LUMO

Lowest unoccupied molecular orbital

PCE

Power conversion efficiency

Pmax

Maximum power point

Voc

Open circuit voltage
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