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Abstract
Conjugated Polymer Design and Engineering for Organic Electronics
By
Claire Hoi Kar Woo
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley

Professor Jean M. J. Fréchet, Chair

The molecular structure of a conjugated polymer critically impacts its physical and
optoelectronic properties, thus determining its ultimate performance in organic electronic
devices. In this work, new polymers and derivatives are designed, synthesized, characterized,
and tested in photovoltaic devices. Through device engineering and nanoscale characterization,
general structure-function relationships are established to aid the design of the next-generation of
high performance polymer semiconductors for organic electronic applications.

Using a prototypical conjugated polymer, the influence of backbone regioregularity is
examined and found to highly impact polymer crystallinity, solid state morphology and device
stability. The investigation of alternative aromatic units in the backbone also led to new
understandings in polymer processability and the development of promising materials for
organic photovoltaics.

Besides the backbone structure, the side chain choice of the polymer can significantly
affect material properties and device performance as well. In fact, the side chain substitution can
influence both the optoelectronic properties and the physical properties of the polymer. A
sterically bulky side chain can be used to tune the donor/acceptor separation distance, which in
turn determines the charge separation efficiency. The addition of a polar side group increases the
dielectric constant of a polymer and improves overall charge separation. Choosing the
appropriate solubilizing group can also induce solid state packing of the polymer and
considerably enhance device efficiency. Finally, the influence of post-fabrication processing
techniques on the crystallinity and charge transport properties of a polymer is highlighted.
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Chapter 1

Overview of Organic Electronics — The Operation and Material
Design Requirements of Organic Photovoltaics



1.1 Motivations and State of the Technology

Under the threat of global warming and rising oil prices, there is a growing need for
carbon-free renewable energy resources. Solar energy is a particularly attractive form of clean
and renewable energy, as the total energy of incoming solar irradiation in one hour is equivalent
to the world’s energy consumption in a year." While silicon solar cells have dominated the
commercial solar market, conjugated polymers is a promising alternative material for several
reasons.>* The applicability of solution processing techniques under ambient temperature and
pressure makes this class of solar cells especially attractive in the search for low-cost methods of
harvesting solar energy.>® Another advantage of polymers is the tunability of their electronic and
optical properties by molecular design.”® For these reasons, there has been a huge effort to
understand the properties of conjugated polymers in order to establish structure-function
relationships for designing next-generation electronic materials.

The performance of polymer-based organic photovoltaics (OPVs) has improved
dramatically in the past two decades.” The current state-of-the-art in polymer photovoltaics is a
device consisting of a blend of a light-absorbing conjugated polymer acting as the electron donor
and a fullerene derivative acting as the electron acceptor (see Figure 1.2), where the two
components form a nanoscale interpenetrating network termed the “bulk heterojunction” (BHJ)
morphology.’®*! Despite recent advances that have achieved 6-7% efficiencies in polymer solar
cells,***® ‘much progress is still needed towards large-scale, cost-effective commercial
production. Another critical challenge is the stability of polymers, including their thermal
stability, air stability, and photo stability.***® This dissertation describes my research efforts in
the design, synthesis, and characterization of conjugated materials that are easily processable,
stable, and exhibit high performance in OPV devices. Through device engineering and nanoscale
characterization techniques, this research has improved fundamental understanding in how
molecular structure affects the optical, electronic and physical properties of conjugated
polymers. With these new understandings, we can develop design principles for the next-
generation of high performance polymer semiconductors.

Figure 1.1. (left) Polymer-based organic photovoltaic devices fabricated on glass substrates. (right) Devices
fabricated on flexible plastic substrates under simulated sunlight.



Figure 1.2. (left) The model conjugated polymer P3HT (oonly use as H donor) and popular fullerene
derivative PCBM (commonly used as an acceptor). (right) A TEM image of a blend of P3HT and PCBM forming an
interpenetrating nanoscale network termed the “bulk heterojunction” (BHJ) morphology.

1.2 The Operation of an Organic Photovoltaic Device

The goal of a solar cell is to convert light (photons) into an electric current (charges).
Conventional inorganic (e.g. silicon) solar cells generate free charges upon photoexcitation, and
these devices utilize a p-n junction to generate an internal electric field to drive the electrons and
holes towards the electrodes.*® Organic solar cells, on the other hand, are excitonic in nature and
operate through an entirely different mechanism.?®?! The absorption of a photon in organic
semiconductors leads to the excitation of an electron from a lower energy level to a higher
energy level. However, this excited electron remains coulombically bound to its corresponding
hole, leading to the formation of the so-called exciton (i.e. a Coulomb-bound electron-hole pair).
The excitonic nature of OPVs is a result of the low dielectric constant of organic semiconductors
(e ~ 3-4) and the localization of excited states in organic materials due to the non-covalent
interactions between neighboring molecules.??® The Coulomb attraction energy of the electron-
hole pair is:

eZ

= 1
Coulomb 47[806R ( )

where e is the charge of the electron, &g is the permittivity of vacuum, ¢ is the dielectric constant
of the medium, and R is the electron-hole separation distance. For ¢ = 3 and R = 4 A, the
attraction energy of the exciton is 1200 meV, which is more than an order of magnitude larger
than the thermal energy available at room temperature (kgT at 25°C = 28 meV). The large
exciton binding energy of organic semiconductors led to the development of the donor/acceptor
heterojunction concept,?>?* where the energy level offsets between two organic semiconductors
provide the thermodynamic driving force for exciton separation. For this reason, a typical
organic solar cell consists of an active layer that is made up of two materials, an electron donor
and an electron acceptor, which are sandwiched between two electrodes.

Figure 1.3 illustrates the photoinduced charge generation process of an organic solar cell
that makes use of the donor/accepter (D/A) heterojunction for exciton separation. This process is
generally divided into four main steps, and the energetic transitions associated with each step are
also shown in Figure 1.3. The charge generation process can happen via photoexcitation of the
donor or the acceptor. For simplicity, we only illustrate the process taking place in the donor
material. First, as mentioned above, light absorption in an organic semiconductor leads to the
formation of an exciton. Once it is formed, the Coulomb-bound exciton can diffuse by random
thermal motion over a distance called the exciton diffusion length. The extremely short lifetime

E



(on the order of nanoseconds) and the localization of the excited state result in a short exciton
diffusion length, which is typically ~5-10 nm for most conjugated polymers. The exciton must
reach a D/A heterojunction within its lifetime for charge separation to happen. Therefore, for
efficient charge generation, the ideal domain sizes of donor phases and acceptor phases in the
active layer should be on the order of the exciton diffusion length for a given semiconductor.

The third step of the charge generation process happens when an exciton reaches the D/A
interface. At this interface, the LUMO/LUMO offset between the donor and the acceptor makes
it energetically favorable for the excited electron to be transferred from the donor to the acceptor.
However, in most organic solar cells, electron transfer from the donor to the acceptor does not
necessarily lead to free charges. Instead, the electron that has been transferred to the LUMO of
the acceptor is still coulombically bound to the hole remaining in the donor, and this intermediate
state has been called various names, including “charge-transfer (CT) state”, “charge-transfer
exciton”, and “geminate pair”.>>*’ More importantly, the recombination of the electron-hole pair
at this intermediate and intermolecular CT state has been found to be one of the major loss
mechanisms in OPVs.?®>! There are other possible pathways for energy loss during the process
of charge separation. Figure 1.4 shows the energy level diagram of the energy states involved in
charge separation and the potential loss mechanisms in the process. Although significant
progress has been made in the past few years, our understanding of the dynamics of these
interconnected energy pathways and the physics of the overall charge separation process remains
incomplete.”’ Many questions are yet to be answered: What controls the separation and decay
dynamics of the CT state? What determines whether charge separation originates from a hot CT
state (CT*) or the ground state CT state (CT;)? How does CT state separation compete with
intersystem crossing to form triplet states? How do interfacial molecular interactions of the
donor and the acceptor affect the thermodynamics and kinetics of the charge separation process?

1. Light Absorption 2. Exciton Diffusion 3. Charge Separation 4. Charge Extraction

hv
Nt

Active Layer

HOMO

Dohor HOMO
Acceptor
Figure 1.3. A schematic of the four-step operation of an organic solar cell and the corresponding energetic
transitions of each step are illustrated below. 1. Light absorption, leading to the excitation of an electron and the
formation of an exciton. 2. Exciton diffusion to the donor/acceptor interface. 3. Separation of the exciton into a free
hole and a free electron at the donor/acceptor interface. 4. Charge extraction to the respective electrodes.
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Figure 1.4. Energy level diagram showing some of the main processes and energy states involved in charge
separation. Solid arrows illustrate the desirable transitions: Av is the photoexcitation from ground state (S,) to
singlet exciton (S,); ket is exciton dissociation to form either a hot charge transfer state (CT*) or a ground-state
charge transfer state (CT)); kcg is the dissociation of a hot CT state into the charge separated (CS) state; and kg is
the dissociation of a ground state CT state into the CS state. Dashed arrows show potential energy loss pathways:
kyg is the vibrational relaxation of a hot CT state to lower energy CT states; Kyl refers to intersystem crossing
from a CT state to the triplet state (T;); Kt rec 1S the recombination of the CT state back to the ground state; Kyimolecular
rec 18 the bimolecular recombination of the hole and electron in the CS state.

Once the CT state has successfully separated into free charges, the last step in the
operation of an OPV device is charge extraction. The hole must travel through the donor while
the electron travels through the acceptor (step 4 in Figure 1.3). Charge transport in organic
semiconductors can proceed either through a hopping mechanism (from one localized state to
another) or through band-like conduction through conjugated regions. The energy level offset
between the donor and the acceptor creates an internal electric field that helps to drive free
charges towards the respective electrodes. Another more significant driving force for the
movement of free charges is the chemical potential gradient that is a result of the high
concentration of localized holes and electrons formed at the donor/acceptor interface. However,
charge extraction in these devices is also heavily dependent on the charge mobility of the organic
semiconductors.”> The charge mobility of the active layer is determined by many factors,
including the intrinsic mobility of the semiconductors used, their solid state packing, the 3D
morphology of the active layer, and impurities.

The overall power conversion efficiency (PCE) of an organic solar cell is determined by
the efficiency of each of the four steps in the charge generation process. This dependence is
illustrated by equation (2). Each step is in turn affected by the choice of organic semiconducting
materials, the processing of these materials, the device architecture, and the morphology of the
active layer.

PCE = n= nabsorpuon X qdfuslon X Wsepam!wn xn transport (2)



1.3 Device Architecture and the Importance of Morphology

The previous section described the operation of an OPV device in a simple bilayer
architecture where the donor and the acceptor are separate layers sandwiched between two
electrodes (Figure 1.5a). However, bilayer heterojunctions are limited in terms of their maximum
performance because of two reasons.”>?* First, the short exciton diffusion length (~5-10 nm)
limits the thickness of each layer as excitons that are formed far away from the D/A interface
will not reach the interface within its lifetime and thus will be wasted. A thin active layer reduces
the number of photons that can be absorbed. Second, there is only a limited amount of D/A
interfacial area for charge separation. To circumvent this problem, the bulk heterojunction (BHJ)
architecture is commonly used. The concept was first demonstrated by Yu et al in 1995, and
Figure 1.5b illustrates a schematic of the BHJ morphology where the donor and the acceptor
materials form an intimate mixture. Typically, this morphology is achieved by mixing the donor
and the acceptor in a single solution and then kinetically trapping a nanoscale separated
morphology during film casting.*° Ideally, the domain sizes should be on the order of the
exciton diffusion length so that all the excitons can reach a D/A interface within its lifetime. In
addition, the donor and acceptor should form an interpenetrating network so that there are
pathways for efficient charge extraction. Figure 1.2 shows a TEM image of the BHJ morphology
with nanoscale phase separation between the two components, P3HT and PCBM, which are a
donor/acceptor combination that has shown efficient performance up to 5%." Unfortunately, this
ideal nanoscale phase separated and interpenetrating morphology is not always attainable with
different material combinations. Moreover, the BHJ morphology is often not thermally stable
and may evolve over time as the donor and acceptor molecules phase separate from each other,
leading to decreasing D/A interfacial area and device degradation.”®* A lot of work has been
done in the past decade on how to use processing techniques to manipulate as well as stabilize
the BHJ morphology of different donor/acceptor combinations.*'*’
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a) Bilayer Heterojunction b) Bulk Heterojunction (BHJ)
Figure 1.5. Two common types of device architectures used in OPVs. a) Bilayer heterojunction where the donor and
acceptor are deposited sequentially to form separate layers. b) Bulk heterojunction (BHJ) where the donor and
acceptor are an intimate mixture that forms interpenetrated, percolating pathways for charge extraction.
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1.4 Device Testing and Characterization

To test the performance of a solar cell, the device is placed under simulated sunlight and
the current density (J) is measured as a function of applied bias (V). The standard spectrum used
for device testing is the Air Mass 1.5 global (AM 1.5G) spectrum, which is the incoming solar
flux that has interacted with different air masses.” The AM 1.5G spectrum, as shown in Figure
1.6, represents the amount of incoming photons at an incidence angle of 48° from the normal and

has an overall intensity of 100 mW/cm?.
600
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Figure 1.6. The standard AM 1.5G spectrum is used for testing solar cells under simulated sunlight. The AMO
spectrum is also shown for reference.

A typical J-V curve output of a solar cell is shown in Figure 1.7. There are a few main
parameters of interest as highlighted in the figure. The open-circuit voltage (Vo) is where the
light current (Jy;gne) intersects the x-axis and represents the maximum load that can be applied to
the solar cell to get work. The current density at zero bias is called the short-circuit current (Jg)
and represents the current generated by the device without any externally applied bias. The
maximum power point (max. power = Vi, X Jipp) lies somewhere along the J-V curve and is the
point where the power conversion efficiency is determined. The curving shape of the J-V plot is
caused by non-idealities and losses in the device and is usually represented by the fill-factor
(FF). FF is defined as the ratio between the maximum power point (Vpp X Jmpp) and the absolute
power point (Vo X Js). The power conversion efficiency (PCE or n) at a given incident light
intensity is often calculated from the V., Js., and FF using equation (3).

J arl
J(mAom?) dark

J j J“ght

V (V)

Jmpp X Vinpp Vo

N
%9 Maximum power
point (mpp)

Figure 1.7. Typical J-V curve of a solar cell under dark (J4u«) and under illumination (Jjigy). The main device
parameters of interest are open-circuit voltage (V,.), short-circuit current density (Js), and the maximum power
point (Vinpps Jmpp)-
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1.5 Conjugated Polymer Design

This dissertation mainly focuses on the design of conjugated polymers for use as electron
donors, but the same principles apply to polymeric acceptors. For OPV applications, both the
optoelectronic properties and the structural properties (e.g. crystallinity, solubility, viscosity,
miscibility etc.) of the conjugated polymers are equally important.®>***° On the one hand, the
ideal polymer should have the appropriate energy levels for charge separation with the acceptor
of choice, a small optical band gap for abundant light absorption, and a high hole mobility for
efficient charge transport. On the other hand, the polymer should be easily processable by
organic solvents and miscible with the acceptor for the realization of nanoscale BHJ
morphology. Although there have been a lot of efforts centered upon modifying the molecular
structure of conjugated polymers to obtain favorable properties, the design process is
complicated because changes in the molecular structure tend to affect both the optoelectronic
properties and the structural properties of the polymer.”*? Moreover, there is still a lack of
understanding in how the molecular structure of the polymer affects the final OPV device
performance. Despite the development of several important design rules for OPV materials,
current models still cannot predict the performance of a conjugated polymer without the actual
fabrication and testing of the device.”®*° Therefore, establishing structure-function relationships
for conjugated polymers is critical for the design of next-generation high performance materials
for OPVs. The following Chapters describe several studies in correlating the molecular structure
of conjugated polymers to their optoelectronic and structural properties and ultimately their
device performance. Here, we will provide a brief introduction to the principles of conjugated
polymer design.

To effectively design conjugated polymers for semiconductor applications, we have to
first understand their electronic band structure and band gap formation. The band structure of
conjugated polymers can be explained by molecular orbital theory.>® When two or more aromatic
units (e.g. thiophene rings) couple with each other, hybridization of their HOMO (w) and LUMO
(n*) levels lead to a decrease in the energy between the two states (Figure 1.8). Orbital
hybridization allows the n electrons in the system to be delocalized over all the aromatic rings
that are in conjugation. The energy spacing between the HOMO and the LUMO level decreases
upon each ring addition, until full delocalization of the 7 electrons is achieved. At this point, the
discrete energy levels can be approximated as continuous bands similar to that of the conduction
band and the valence band in inorganic semiconductors (Figure 1.8). When additional rings to
the polymer chain do not reduce the energy gap further, it means the polymer has reached its
conjugation length. The conjugation length varies for different polymers, but it is typically 5-20
repeat units. The energy gap between the HOMO and LUMO levels, called the band gap Eg,
determines the optical absorption of the polymer.>* Since there are no electronic states in
between the HOMO and LUMO levels, E4 represents the minimum energy that a photon must
have in order to promote an electron from the HOMO to the LUMO of a conjugated polymer.
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Figure 1.8. (left) The band structure of an intrinsic inorganic semiconductor. (right) The molecular orbital
hybridization process during the polymerization of the conjugated backbone. Each additional ring reduces the
energy gap between the HOMO and LUMO levels, until eventually the energy levels can be approximated as
continuous band structures and a conjugated polymer is formed.

In addition to energy levels and band gap, another important electronic property is the
charger carrier mobility of the polymer. Although current models still cannot completely explain
or predict charge transport in organic semiconductors, it is clear that charge mobility is a
complex function of molecular structure, molecular geometry, system environment,
intermolecular distance, and molecular packing.*® Figure 1.9a shows the two main mechanisms
for charge transport in a conjugated material: 1. band-like conduction through the conjugated
backbone or 2. hopping from chain to chain through the n-stacking network, which is formed by
intermolecular overlapping of the w-orbitals of neighboring polymer chains. Clearly, both
mechanisms depend heavily on the solid state structure of the conjugated polymer. More
specifically, highly ordered and crystalline polymer domains are favorable for charge mobility.
Besides crystallinity, another consideration is molecular geometry. Figure 1.9b shows the solid
state packing motif of P3HT thin film on a substrate. P3HT usually adopts an edge-on orientation
where the polymer chains are oriented perpendicular to the substrate and the n-stacking direction
(axis c) is parallel to the substrate. In this geometry, charges can move rather quickly in the
direction parallel to the substrate. However, this is in fact not ideal for OPV devices, which
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require charge transport in the vertical direction and thus favoring a face-on orientation.
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Figure 1.9. a) Two mechanisms of charge transport in a conjugated polymer: 1. band-like conduction through the
conjugated backbone, 2. hopping from one chain to another through the n-stacking network formed by
intermolecular m-orbital overlap. b) The solid state packing motif of a P3HT thin film where the lamellar spacing (a)
is perpendicular to the substrate and the n-stacking distance (c) is parallel to the substrate.



Although charge transport is generally superior in more ordered materials, a higher
degree of crystallinity is not necessary favorable for OPVs. Chapter 2 demonstrates an example
where lowering the driving force for crystallization of the polymer is favorable. In this case, we
studied P3HTs with different regioregularities, and we discovered that polymer samples with
lower regioregularities exhibit superior thermal stability in bulk heterojunction devices with a
fullerene acceptor. The enhanced thermal stability of the device is caused by a lower driving
force for polymer crystallization in the less regioregular polymer samples, leading to increased
miscibility with the acceptor.

Besides the primary structure of the polymer backbone, the side chain choice can also
significantly influence the structural properties and device performance of a polymer. Chapter 3
outlines a comparative study between the model polymer P3HT and a structurally-similar
polythiophene, poly[3-(4-n-octyl)-phenylthiophene] (POPT). We found that the addition of a
phenyl ring on the side chain of POPT can facilitate charge separation. The phenyl ring on POPT
prefers to twist out-of-plane from the conjugated backbone, resulting in a larger donor/acceptor
(D/A) separation distance due to steric hindrance at the interface. This larger D/A separation
distance leads to a destabilized charge transfer state during the charge separation process, thus
lowing the energetic barrier for complete charge dissociation into free charges. This study is the
first example of using sterics to control D/A separation distance for charge separation.

Side chain can also be used to tune the electronics of the system. Chapter 4 describes the
use of a polar side group to modify the dielectric constant of P3HT. As discussed in Section 1.2,
the low dielectric constant of organic semiconductors is the major factor contributing to the
excitonic nature of OPVs. If we can increase the dielectric constant of a conjugated polymer such
that it mimics an inorganic semiconductor, then we can lower the exciton binding energy and
improve overall charge separation. A higher dielectric constant can also stabilize free charges
and reduce losses through bimolecular recombination.

Although P3HT is an attractive polymer for OPV applications, its non-ideal optical band-
gaps of ~1.9 eV does not efficiently blanket the solar spectrum. To achieve even higher solar cell
efficiencies, recent research efforts have focused on the development of low band gap donor
polymers with broad absorption spectra.’’>>>® Interestingly though, all high performance
polymers reported so far rely on thiophene-based aromatic units.'*'>***"%* On the other hand,
only a limited number of studies have examined furan, which is a very similar aromatic unit to
thiophene.®"*> Chapter 5 explores the use of furan in conjugated polymers and their OPV device
performance. This study on furan is also an interesting example where modifying the backbone
structure affects the microstructural order and solubility of the polymer.

In parallel to the development of high performance polymer semiconductors, there are
research efforts towards realizing small molecule OPVs.*® However, the efficiencies of solution
processed OPVs using small molecules have lagged behind the performance level of polymer-
based devices. Chapter 6 investigates the use of a solution processable small molecule,
Subnaphthalocyanine, that has shown promising OPV performance.

Finally, in Chapter 7, we describe a fundamental study on the correlation between charge
transport and crystallinity in a photo-crosslinkable P3HT derivative. Using newly developed X-
ray diffraction analysis techniques, we were able to quantitatively compare the degrees of
crystallinity of polymer thin films. This study confirms that a higher degree of crystallinity is
beneficial for charge transport. Furthermore, we explored the effect of crosslinking on the charge
mobility and solid state order of a conjugated polymer.
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Chapter 2

The Influence of Polymer Regioregularity on Bulk Heterojunction
Solar Cell Performance’

Abstract

The comparison of three samples of poly(3-hexylthiophene) (P3HT) with regioregularities of
86%, 90%, and 96% is used to elucidate the effect of regioregularity on polymer-fullerene bulk
heterojunction (BHJ) solar cell performance. It is observed that P3HTs with lower
regioregularities are capable of generating BHJ solar cells that exhibit superior thermal stability.
The enhanced thermal stability of the active layer blend is attributed to a lower driving force for
polymer crystallization in the less regioregular polymer samples, which is supported by two-
dimensional grazing incidence X-ray scattering (2D-GIXS) and differential scanning calorimetry
(DSC) measurements. Furthermore, it is demonstrated that all three polymer samples are capable
of generating solar cells with equivalent peak efficiencies of ~4% in blends with fullerene
derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). While it may be non-intuitive
that polymers with lower regioregularity can exhibit high efficiency, it is observed that the
charge carrier mobility of the three polymers is of the same order of magnitude (10 cm® V* s™)
when measured from the space charge limited current (SCLC), suggesting that highly
regioregular and crystalline polythiophenes are not required in order to effectively transport
charges in polymer solar cells. These results suggest a design principle for semicrystalline
conjugated polymers in BHJ solar cells with fullerenes where crystallization-driven phase
separation can be dramatically suppressed via the introduction of a controlled amount of disorder
into the polymer backbone.

' Reproduced in part with permission from , .M. I
Journal of the American Chemical Society 2008, 130, 16324-16329. Copyright 2008 American Chemical Society.
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2.1 Introduction

Polymer-fullerene composite solar cells (bulk heterojunction solar cells) define the state-
of-the-art in organic photovoltaics (OPVs), with reported efficiencies as high as ~5%.'” The
applicability of solution processing techniques under ambient temperature and pressure make
this class of solar cell especially attractive in the search for low-cost methods of harvesting solar
energy.” While several new high performing polymer-fullerene combinations have been recently
reported,®”’ the combination of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-Cy;-butyric acid
methyl ester (PCBM) still gives among the highest reported power conversion efficiencies
(PCEs).** This is despite the non-ideal band gap of P3HT (~1.9 eV), preventing effective
overlap with the solar spectrum, which peaks at ~1.8 eV. Numerous polymers have been
synthesized that exhibit more optimal band gaps and blanket the solar spectrum more
effectively,®’ but almost none have exceeded the performance of P3HT.® This can be attributed to
an incomplete set of design principles for an ideal donor polymer for fullerene-composite solar
cells, which is currently, exclusively based on the electronic interaction of the polymer and
fullerene*'* and ignores the features of the polymer primary structure that influence the
formation of active layers with bicontinuous and thermally stable morphologies.

Towards this end, P3HT is targeted as a model semicrystalline polymer from which
general relationships between primary structure and function can be extrapolated. The key
variables of polymer primary structure in P3HT are molecular weight, polydispersity, and
regioregularity (RR). In each case, efforts toward elucidating the effect of each individual
variable on photovoltaic performance have been pursued.'''* The developing picture suggests
that high molecular weight (M, >20,000 g/mol), broad polydispersity (PDI), and high RR (>95%))
are optimal for solar cell performance as can be supported via both observed increases in
efficiency when these parameters are satisfied and by extrapolating from structure-function
relationships observed in pristine samples of P3HT."*'®

However, all of these conclusions come with a caveat. First, while high molecular weight
has been shown to improve charge carrier mobility and optical properties in pristine, highly RR
P3HT films, solar cells using P3HT of significantly lower molecular weight (~11,000 g/mol)
have been reported to give efficiencies over 4% under optimized processing conditions."
Second, a systematic study on the effect of polydispersity of P3HT has not been reported,
although it does appear that a broad mix of high and low molecular weight P3HT in a given
sample improves the performance of P3HT-PCBM composite solar cells.'* Finally, the only
systematic study of the effect of P3HT RR, which points to increasing efficiency with increasing
RR, is based on a comparison of devices for which the processing conditions had not been
optimized."’ Based on the enormous effects that are known for variations in solvent, ** blend
ratio,”'** spin speed,”** annealing conditions,****’ and electrode structure,”**’ such unoptimized
results are not necessarily definitive. The study by Kim ez a/'’ examines the range of RR from
90.7-95.4%, showing that samples in the 90.7-93.0% range have efficiencies of under 2%, which
is lower than the 4-5% efficiencies reported in the literature using P3HT from Rieke Metals (RR
~92%).>* It has also been shown that a copolymer analogue of P3HT with an effective RR of
91% was capable of producing solar cells with 4.5% power conversion efficiencies.”® It is
therefore clear that the definitive effect of P3HT RR on fullerene-composite solar cells is not yet
known.
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Here we examine three samples of P3HT of similar molecular weight and PDI
polymerized by the same polymerization method, in which the RR is varied from 86-96%. This
RR range is selected in order to look at a highly RR P3HT (96%), a sample with similar RR to
Rieke P3HT (90%), and a sample with a significantly lower RR than has been reported in most
P3HT-PCBM solar cells (86%). The lowest RR value was attained via a copolymerization of 2-
bromo-3-hexylthiophene and 5-bromo-3,3'-dihexyl-2,2'-bithiophene (see Experimental section).
Solar cell performance and long term thermal stability are examined within the context of
variations in the fundamental properties of the polymers induced via changes to the primary
structure in the form of non head-to-tail “defect” linkages.

2.2 Results

2.2.1 Solar Cell Performance

The performance of each polymer was independently optimized according to annealing
conditions while the polymer:PCBM blend ratio was kept constant at 55:45 by weight and the
devices all had similar thicknesses (~100nm). Figure 2.1 shows the I-V characteristics of the
most efficient P3HT:PCBM bulk heterojunction devices made from 86% RR, 90% RR, and 96%
RR P3HT, which achieved 3.9%, 3.8%, and 3.8% peak PCE respectively at AM 1.5G with an
intensity of 100mW cm™. First, it is noteworthy that P3HT with as low as 86%RR can still
achieve close to 4% PCE. A second observation is that the optimized annealing time is different
for the three polymers. At an annealing temperature of 150°C, the device with 96% RR P3HT
requires the shortest annealing time of 30 min to reach the highest efficiency whereas the devices
with 90%RR P3HT and 86%RR P3HT require longer annealing times of 60 min and 120 min
respectively. The slightly lower Ji in the device with 90%RR may be due to the lower molecular
weight of the polymer which may influence the parameters of device performance,”’ but the
high fill factor of this device compensates for this reduction in current to attain an efficiency
comparable to that of devices made from 86% RR and 96% RR P3HT. In addition, there appears
to be a trend in V,, where higher RR gives a lower V.. On average, 96% RR P3HT devices had
a V. 0f 0.58V whereas 86%RR devices had a V. 0f 0.62V.
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Figure 2.1. IV characteristics of optimized devices made from 86%, 90%, and 96% RR P3HT blended with PCBM
at 55:45 weight ratio. 86%RR(m): Voc = 0.62V, Jsc = 11.7mA/cm’ FF = 0.54, PCE = 3.9%; 90%RR(®): Voc =
0.63V, Jsc = 9.8mA/cm?, FF = 0.61, PCE = 3.8%; 96%RR( 4 ): Voc = 0.58V, Jsc = 11.8mA/cm?, FF = 0.55, PCE =
3.8%.
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The thermal stabilities of the photovoltaic devices are also examined and Figure 2.2
shows the evolution of the average efficiencies of eight P3HT-PCBM BHJ devices after thermal
annealing at 150°C for various times. Un-annealed devices all have <1% efficiencies (not shown
on figure). After 10 minutes of annealing, 96% RR P3HT devices have achieved their highest
efficiencies while 90% RR and 86% RR P3HT devices require longer annealing times to achieve
power conversion efficiencies in excess of 3%. However, the trend is reversed for longer
annealing times. Devices consisting of 96% RR P3HT decay quickly to less than 2% PCE after 5
hours of annealing, whereas devices with 86% RR and 90% RR P3HT are able to maintain ~3%
PCE after more than 10 hours of annealing at 150°C, which serves as an accelerated performance
test.
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Figure 2.2. Average efficiencies of 86%, 90%, and 96% RR P3HT-PCBM BHIJ devices annealed at 150°C for

different times. The efficiency of 96% RR P3HT devices decreased drastically after 5 hours of annealing, but the
90% and 86% RR devices maintained ~3% efficiencies after 11 hours of annealing.

2.2.2 Blend Morphology

Optical microscopy was used to provide a qualitative inspection of the P3HT:PCBM
blend morphology. Figure 2.3 shows the optical micrographs of P3HT samples with different RR
blended with PCBM at a 55:45 weight ratio and annealed at 150°C for 3 hours. As shown in
Figure 2.3a, a blend of 86% RR P3HT with PCBM shows only a few small PCBM crystals,
while the blend of 90%RR P3HT with PCBM (Figure 2.3b) shows larger and denser PCBM
crystals within the same sized area, but there is still a considerable amount of well-mixed area
where large PCBM crystals are absent. In contrast, the optical micrograph of a blend of 96% RR
P3HT with PCBM (Figure 2.3¢c) shows many large needlelike PCBM crystals that are more than
100pum in length. These optical micrographs show that the morphology resulting from the
blending of highly RR P3HT blends with PCBM displays extreme phase segregation after
thermal annealing, which can damage performance in a solar cell since the effective area of the
device decreases as aggregation of PCBM crystals take up larger areas. The same trend in
morphology was observed under scanning electron microscopy (see Figure 2.7 in Experimental
section). Zooming into the homogeneous parts of the film of both the 86% and the 96% RR
P3HT:PCBM blend samples, one can see bi-continuous networks of P3HT and PCBM under
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transmission electron microscopy (see Figure 2.8 in Experimental section). Similar needlelike
PCBM crystals in blend films with P3HT had been observed by others and were believed to be
due to the fast diffusion of PCBM towards the PCBM crystals, with their growth rate dependent
on blend compositions and annealing conditions.*'*? Here, we have shown that, in addition to the
processing conditions of the film, the chemical nature of the polymer significantly affects the
extent of growth of these PCBM crystals during thermal annealing.

RR = 86% 5 RRi90%,. y b RR=096% | | c.
-~ / - !~ : s » : "I
’ 4( \ ) ’

~ . \ : \ | \\. /./
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Figure 2.3. Optical microscopy images of 86%RR (a), 90%RR (b), and 96%RR (c) P3HT:PCBM blends at 55:45 wt
ratio after 3 hours of annealing at 150°C. Dark areas are PCBM-rich regions.*'** Scale bar = 50 um.
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The blend morphology obtained from P3HT of different RR mixed with PCBM was
probed by two dimensional grazing incidence X-ray scattering (GIXS) measurements. Figure 2.4
compares the GIXS patterns of 86%, 90%, and 96% RR P3HT blends with PCBM after 1 hour of
annealing at 150°C. To produce identical surface conditions as samples for device measurement,
a thin layer (20-30 nm) of PEDOT:PSS was spun onto silicon substrates and the P3HT:PCBM

blend layer was subsequently spin-coated on top. The angle of incidence (~0.1°) was carefully

chosen to allow for complete penetration of X-ray into the polymer film but only limited
penetration into the substrate (to reduce the background). The 2-D image map of GIXS patterns
can be divided into a component in the plane of the substrate (¢,) and a component perpendicular
to the substrate (¢;) as shown in Figure 2.4. The (100), (200), and (300) diffraction peaks are
strongest in the nominally out-of-plane direction, but with some arcing about this direction and
some intensity in-plane (near ¢, = 0). This shows that the P3HT:PCBM blend films have a well-
organized structure with most of the planar P3HT stacks oriented along the perpendicular axis of
the substrate. From the diffraction pattern, we extract a lamella spacing of 1.59nm, which is
consistent with that reported elsewhere.'”**> The peak near the top of the images at q ~ 1.7 A™!
(d=0.38 nm) is the (010) peak resulting from the n-n stacking distance between P3HT chains.

The most distinct difference among the diffraction from the three samples occurs at q =
1.4 A" (d=0.46 nm spacing), which is due to PCBM as determined by previous XRD
measurements.”® The q ~ 1.4 A diffraction peak of PCBM is much sharper and more prominent
in the 96%RR P3HT blend film. In contrast, the PCBM peak is broad and diffuse in the two
lower RR samples. These GIXS images show that the PCBM is highly crystalline for the
P3HT:PCBM blend in the higher RR film, which is consistent with the observation of a larger
extent of phase segregation from optical and electron microscopy.

Another noticeable and important difference among the samples is a difference in the
extent of P3HT crystalline orientation. Specifically, the azimuthal angular width of the P3HT
(100), (200) and (300) peaks in the 96% RR sample is much broader than for either the 90% RR
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or the 86% RR sample. This indicates that the P3HT stacks are less well oriented in the 96% RR
sample, i.e. more of the stacks are oriented away from the perpendicular axis to the substrate.
This could be attributed to the presence of large PCBM crystallites in the 96%RR sample that
force the P3HT stacks to orient away from the perpendicular plane and in more random
directions.

qy (A7)
0

- (200)

/AN

Figure 2.4. GIXS patterns of blend films of 86%RR (a), 90%RR (b), and 96%RR (c) P3HT:PCBM at a 55:45 ratio
after 1 hr of annealing at 150°C. The vertical section at ¢, = 0 is not the true specular direction (i.e. g, = 0), but is
tilted from this.

2.2.3 Polymer Properties

The optical, electronic, and thermal properties of the pristine polymers of different
regioregularities were studied to investigate fundamental differences among these three
polymers. The absorption spectra of thin films of P3HT of all three RR are shown in Figure 2.5.
96% RR P3HT has a higher optical density than the other two lower RR P3HT polymers. In
addition, although all three polymers have similar absorption breadths, the 86% RR and 90% RR
P3HT have blue-shifted Amay at 514nm (7.3 x 10* cm™) and 519nm (6.8 x 10* cm™) respectively,
compared to Amax at 556nm (9.2 x 10* cm™) for the highly ordered 96% RR P3HT.
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Figure 2.5. Absorption spectra of 86% RR, 90% RR, and 96% RR P3HT thin films annealed at 150°C for lhr.

Besides absorption, charge carrier mobility is of great importance to solar cells. The
space charge limited current mobility (SCLC) measures the mobility in the direction
perpendicular to the electrodes and thus is the most representative measurement of charge carrier
mobility for solar cells. For 86% RR, 90% RR, and 96% RR P3HT, the SCLC mobilities were
measured to be 6.4 x 10* ecm? V' s, 1.1 x 107 em? V' s, and 1.1 x 107 ecm? V' s, These
measurements are consistent with typical values for P3HT.** In addition, this type of behavior
where disrupting the order of the polymer does not affect the SCLC mobility has been observed
for another poly-akylthiophene system.”> Although the SCLC mobility of the 86% RR P3HT is
slightly lower than the other two higher RR P3HTs, the same order of magnitude for mobilities
for all three polymers indicate that reducing the RR within the range investigated does not
significantly compromise the electronic properties of the polymer, as confirmed by device results
shown above.

The GIXS results shown above suggest that there are differences in crystalline behavior
(e.g., orientation) among the polymers of different RR and this difference has a strong influence
on blend morphology. To elucidate the quantitative difference in the crystallinity of polymers,
differential scanning calorimetry (DSC) measurement was performed. Degrees of crystallinity of
the three polymer samples are calculated by comparing the heat of fusion for the particular

polymer sample (AH ) and the heat of fusion of an ideal crystal (AH 2 =99 J/2).%%® For 86%

RR, 90% RR and 96% RR P3HT, the degrees of crystallinity were measured to be 12%, 15%,
and 21%, which are consistent with values reported by others for high MW P3HT measured by
DSC.* These results show that crystallinity increases dramatically with RR. In addition, DSC
traces show increases in both the melting temperature (T,,) and the crystallization temperature
(T.) with RR (see Figure 2.13). The lower Ty, values in the lower RR samples indicate a more
defective crystal structure. The two lower RR P3HTs also showed a shoulder peak near the
melting temperature, which could be characteristic of the existence of multiple crystal structures
in the polymer sample.’*®*” The second smaller peak may also have arisen as a consequence of
the melting of a less defective crystal generated via fast crystallization of the initial melt.
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2.3 Discussion

It had been proposed that highly regioregular P3HT was preferred in solar cells since it
has a stronger tendency to self-organize within the film, thus leading to higher crystallinity,"
charge carrier mobility,'” and optical density.">'® Kim er al"® concluded that higher RR is
necessary for achieving high efficiency solar cells by comparing unoptimized device results. In
their paper, they only optimized the processing conditions for the highest RR P3HT devices and
achieved 4.4% PCE. In contrast, our results showed that with some optimization similar peak
performance (~4%) can be attained for 86%, 90%, and 96% RR P3HT. Although higher RR
P3HT may have a higher absorption coefficient, the difference between 86%RR and 96%RR
polymers can easily be overcome by further optimization in the device fabrication process such
as longer annealing times to achieve the desired morphology. Measurements of SCLC mobility
have also demonstrated that electronic properties of the polymer are maintained while lowering
RR within the range investigated. Moreover, devices made from lower RR P3HT displayed
superior thermal stability, suggesting that lower RR could be a better choice for P3HT-PCBM
composite cells.

The difference in thermal stability of the different RR P3HT blends with PCBM
correlates with the observed active layer morphology as well as degree of crystallinity
measurements. First, optical microscopy results illustrate that the extent of phase separation is
larger in the higher RR P3HT:PCBM blend films after thermal annealing treatment at 150°C.
Large PCBM crystals can be seen under optical and electron microscopy, and the PCBM
crystalline peak in GIXS is much sharper and more distinct in the 96%RR P3HT blend sample.
Second, DSC measurement confirms that higher RR P3HT has a higher degree of crystallinity.
These two observations suggest that the stronger driving force for crystallization of highly RR
P3HT induces larger extent of phase segregation (i.e., larger domains of pure phases) in a blend
film with PCBM at a given thermal annealing condition, leading to faster deterioration in device
performance. Interestingly, Kim ef al"> also observed that a higher RR polymer had a higher
degree of crystallinity, and they claimed that this higher crystallinity was beneficial to device
performance since it led to enhanced optical and electronic properties. In comparison, our results
suggest a different picture where the higher crystallinity of a higher RR P3HT was a
disadvantage as it induces more phase segregation and leads to less thermally stable blend
morphology.

Strong correlations between crystallization and the resulting morphology in polymer
blends have been previously established. In particular, crystallization of one or both blend
components is known to induce phase segregation.**** Upon thermal annealing, crystallization of
the highly ordered 96%RR P3HT as well as that of PCBM in the active layer of the device leads
to extreme phase segregation of the two components resulting in large crystallites of PCBM, thus
reducing the interfacial area for charge transfer and leading to lower efficiencies. On the other
hand, the weaker crystallization of lower RR P3HT leads to weaker phase segregation in a blend
film with PCBM and it is shown that the larger amorphous content in the polymer inhibits large
scale PCBM crystallization such that the desired interpenetrating network can withstand longer
annealing treatment, thus improving the thermal stability of the device. In other words, although
86%RR P3HT may have slightly lower charge carrier mobility and optical density, its lower
degree of crystallinity gives it an advantage in limiting the extent of phase segregation with
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PCBM upon thermal annealing and maintaining the desired morphology for bulk heterojunction
solar cells. While previous papers have focused on controlling PCBM diffusion by blend
composition and annealing conditions,’" ** our result is the first example of using varying
degrees of polymer crystallinity to control phase segregation.

Of particular interest is the disruption in the orientation of P3HT crystals in the highly
crystalline 96%RR polymer, which is indicated by the broadening of the crystalline peaks of
P3HT shown in GIXS patterns. This is possibly due to the aggregation of PCBM which can push
P3HT crystallites away from the preferred orientation. Figure 2.6a is a schematic illustration of
the twisting of P3HT stacks away from the perpendicular plane by the presence of large PCBM
crystals. In the highly RR P3HT sample, upon thermal annealing, PCBM diffuses away from the
highly crystalline polymer and aggregates together to a larger extent than in lower RR P3HT, and
these large crystallites could cause the leaning of P3HT stacks. Therefore, the P3HT stacks
become more randomly oriented so that fewer of them are perpendicular to the substrate, thus
leading to broader crystalline P3HT peaks under X-ray scattering. In contrast, lower RR
P3HT:PCBM blends have a lesser extent of phase segregation, leading to fewer and smaller
PCBM crystals and thus minimizing the randomization of the orientation of P3HT stacks, as
illustrated in the schematic in Figure 2.6b and confirmed by the narrower crystalline P3HT peaks
in GIXS.

Figure 2.6. Schematic of high RR P3HT:PCBM blend film with many large PCBM crystallites that cause the P3HT
stacks to orient away from the out-of-plane direction (a), and low RR P3HT:PCBM blend film with fewer and
smaller PCBM crystallites and more ordered P3HT stacks (b).

Considering the effect of crystallization-induced phase segregation, the regioregularity of
P3HT should be optimized to maintain high electronic properties and initial device performance
while improving thermal stability. Introducing a controlled amount of disorder to the polymer
can lead to better blending with PCBM and more stable active layer morphology. This suggests
that in terms of future designs of polymers for solar cells, instead of trying to obtain the highest
crystallinity to achieve better electronic properties and higher initial device performance, an
alternative strategy would be directed towards the search for a polymer that would have
favorable interactions with the acceptor material so as to realize the best and most stable
morphology for BHJ solar cells.
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2.4 Conclusions

We have shown that regioregularity is an important variable that affects polymer
crystallinity, blend morphology and device performance. For pristine polymer films, as used in
organic transistors, a more regioregular polymer with higher crystallinity and higher mobility
gives rise to a better device due to better charge transport. However, in polymer-fullerene
composite solar cells, considerations for the properties of the pristine polymer are complicated
by the addition of another component where blend morphology becomes an important variable.
Although higher RR P3HT has higher optical density and charge carrier mobility, its increased
degree of crystallinity in fact becomes a disadvantage as it induces more severe phase
segregation with PCBM upon thermal annealing. Although only a few regioregularities were
examined in this paper, we have demonstrated that high RR is not necessary to achieve high
efficiency solar cells, and using a polymer with a lower RR actually has the benefit of improving
the thermal stability of the device.

In particular, the 86%RR P3HT sample we synthesized not only has sufficient electronic
properties to afford high efficiency photovoltaic devices, but it also has the advantage of
producing more thermally stable devices due to less crystallization-induced phase segregation of
PCBM. Evidence from optical and electron microscopy and GIXS supports the hypothesis that
highly crystalline 96%RR P3HT blends develop many large PCBM crystals that are detrimental
to device performance. Our results emphasize the need to take into account the interaction of
blending components while designing materials for BHJ solar cells. In addition to good optical
and electronic properties, a polymer for photovoltaic applications must also blend well with the
acceptor material in order to achieve the ideal composite morphology with sufficient thermal
stability.

2.5 Experimental

2.5.1 Synthetic Details

All chemicals were purchased from Aldrich and used without further purification unless
stated otherwise. All reactions were performed under nitrogen in glassware that had been flame
dried under vacuum. All compounds were characterized by "H NMR (400 MHz) and °C NMR
(75 MHz) on a Bruker AVB 400 or AVQ 400. High-resolution mass spectra and elemental
analysis (CHNS) was performed at the University of California, Berkeley Department of
Chemistry analytical services. Polymer 'H NMR (500 MHz) were obtained on Bruker DRX 500.
For polymer molecular weight determination, polymer samples were dissolved in HPLC grade
dichlorobenzene at a concentration of 1 mg/ml and stirred overnight at room temperature prior to
filtering through a 0.2 pum PVDF filter and SEC was performed using HPLC grade
dichlorobenzene at a flow rate of 0.8 uL/min on two 300 x 8 mm linear S SDV, 5 micron
columns (Polymer Standards Services, USA Inc.) at 70 °C using a Waters (Milford, MA) 2690
separation module and a Waters 486 Tunable Absorption Detector monitored at 350 nm. The
instrument was calibrated vs. polystyrene standards (1,050 — 135,000 g/mol) and data was
analyzed using Millenium 3.2 software.

Regioregularity values were calculated by comparing the integrated peaks of the *H NMR
corresponding to the a-methylene protons on the hexyl chains in head-to-tail (HT) versus head-
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to-head (HH) linkages™ at §2.78 and $2.54 respectively in Figures S1-S3. The reported
regioregularities were calculated by dividing the integrated area of the peak centered at 2.79 by
the combined area of the peaks at 62.79 and 62.56. The margin of error on the %RR values is
estimated to be about £1%.

Scheme 2.1.
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2-Bromo-3-hexylthiophene (1). In 50 mL of glacial acetic acid, 4.97 g (29.6 mmol) of 3-
hexylthiophene was dissolved. Then, 5.29 g (29.7 mmol) of freshly recrystallized NBS was
added in one portion. The internal temperature of the reaction increased to 35 °C with
concomitant dissolution of NBS. The reaction was stirred until it cooled back to room
temperature and was then poured into 150 mL of water and 150 mL of ether. The organic layer
was separated and washed five times with 2 M NaOH, followed by an aqueous wash. The
organic layer was then dried over MgSO, and the ether was removed by rotary evaporation.
Distillation of the crude product (60 °C, 300 mTorr) gave 7.01 g (96%) of the product as a clear
oil. *H NMR (400 MHz, CDCl3) 6 7.17 (d, 1H), 6.78 (d, 1H), 2.55 (t, 2H), 1.55 (m, 2H), 1.30 (m,
6H), 0.88 (t, 3H).
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2-trimethylstannyl-3-hexylthiophene (2). In a 500 ml three-neck flask, 10.17 g (41.2 mmol) of
1 and 14.18 g of hexamethylditin (43.3 mmol, 1.05 eq) were combined in 200 ml of toluene and
the mixture was degassed by bubbling with nitrogen for 20 minutes. Then 1.00 g of Pd(PPh3),
was added and the reaction was heated to 100 °C for four days. The reaction mixture was then
cooled to room temperature and water was added. After extraction with ether, the organic phase
was dried with Na,SO, and solvent was removed under vacuum. The product was then isolated
via distillation (86 °C, 160 mtorr) as a clear oil (8.302 g, 49%). ‘H NMR (400 MHz, CDCls) ¢
7.52 (d, 1H), 7.09 (d, 1H), 2.62 (t, 2H), 1.58 (m, 2H), 1.34 (br m, 6H), 0.89 (t, 3H), 0.37 (s, 9H).

3,3'-dihexyl-2,2'-bithiophene (3). In a 250 ml three-neck flask, 1.007 g (4.08 mmol) of 1 and
1.773 g (4.28 mmol) of 2 were dissolved in 40 ml DMF and the mixture was degassed by
bubbling with nitrogen for 20 minutes. Then 2.5 mol% of Pd(PPhs), (120 mg) was added and the
reaction was heated to 90 °C for 12 hours. The reaction was then cooled to room temperature and
water was added prior to extraction with ether and drying of the organic phase with MgSQO,. The
product was then isolated via silica chromatography with hexanes as the eluent to yield 1.33 g
(98%) of the product as a clear oil. 'H NMR (400 MHz, CDCls) 6 7.28 (d, 2H), 6.96 (d, 2H),
2.50 (t, 4H), 1.53 (m, 4H), 1.24 (br m, 12H), 0.86 (t, 6H). **C NMR (70 MHz, CDCls) & 142.3,
128.7,128.5, 125.2, 31.6, 30.7, 29.1, 28.8, 22.6, 14.1.

5-bromo-3,3'-dihexyl-2,2'-bithiophene (4). In a 50 ml flask, 1.30 g of 3 was dissolved in 20 ml
of THF and cooled to 0 °C. Then 560 mg (0.5 eq) of 1,3-Dibromo-5,5-dimethylhydantoin was
added portion-wise. The reaction was then stirred for 30 minutes at 0 °C and then warmed to
room temperature for 1.5 hours. The reaction mixture was then poured into hexanes and the
resulting mixture was stirred at 0 °C for 30 minutes. The mixture was then filtered to remove all
solids and the filtrate was concentrated under vacuum. The crude product was then purified via
silica chromatography using hexanes as the eluent to give the product in 70% yield as a clear oil
(1.12 g). *"H NMR (400 MHz, CDCls) § 7.28 (d, 1H), 6.93 (d, 1H), 6.91 (s, 1H), 2.48 (t, 2H),
2.42 (t, 2H), 1.49 (m, 4H), 1.24 (br m, 12H), 0.85 (t, 6H). *C NMR (70 MHz, CDCls) & 143.2,
142.9, 131.3, 130.2, 128.6, 127.4, 125.8, 111.6, 31.6, 31.5, 30.7, 30.5, 29.1, 29.0, 28.8, 28.7,
22.6, 22.5, 14.1. HRMS calcd for CooH29BrS; (M), 412.0894; found 412.0895. Anal. calcd for
CaoH29BrS;: C, 58.10; H, 7.07; S, 15.51. Found: C, 58.09; H, 6.91; S, 15.19.

96% RR-P3HT. In 40 ml of THF, 1.183 g (4.8 mmol) of 1 was dissolved and cooled to -78 °C.
In 20 ml of THF, 4.8 mmol LDA was added and the mixture was stirred at -78 °C for one hour.
Then ZnCl; (1.1 eq, 5.3 mmol, 720 mg) was added and the mixture was stirred at -78 °C for 20
minutes and then warmed to room temperature for one hour prior to the addition of 25 mg of
Ni(dppp)Cl,. The reaction was then stirred overnight at room temperature. The thick purple
mixture was then precipitated in methanol, filtered, and the solid was subjected to Soxhlet
extraction with methanol, followed by hexanes. The polymer was then taken up by Soxhlet
extraction with chloroform and isolated by precipitation from chloroform into methanol to give
615 mg (77%) of product. See Figure 2.9 for *H NMR.

90%RR-P3HT. In 125 ml of THF, 2.080 g (8.4 mmol) of 1 was dissolved and cooled to -78 °C.

In 25 ml of THF, 8.3 mmol LDA was added and the mixture was stirred at -78 °C for one hour.
Then ZnCl; (9.5 mmol, 1.30 g) was added and the mixture was stirred at -78 °C for 20 minutes
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and then warmed to room temperature for one hour prior to the addition of 45 mg of
Ni(dppp)Cl,. The reaction was then stirred overnight at room temperature. The thick purple
mixture was then precipitated in methanol, filtered, and the solid was subjected to Soxhlet
extraction with methanol, followed by hexanes. The polymer was then taken up by Soxhlet
extraction with chloroform and isolated by precipitation from chloroform into methanol to give
830 mg (59%) of product. See Figure 2.10 for *H NMR.

86%RR-P3HT. In a 100 ml three-neck flask, 738 mg (3.00 mmol) of 1 and 67 mg (0.16 mmol)
of 4 were dissolved in 35 ml of THF and cooled to -78 °C. Then, 1 eq (3.16 mmol) of LDA was
added in 15 ml of THF and the mixture was stirred at -78 °C for one hour. Then ZnCl, (4.3
mmol, 580 mg) was added and the mixture was stirred at -78 °C for 20 minutes and then warmed
to room temperature for one hour prior to the addition of 25 mg of Ni(dppp)Cl,. The thick purple
mixture was then precipitated in methanol, filtered, and the solid was subjected to Soxhlet
extraction with methanol, followed by hexanes. The polymer was then taken up by Soxhlet
extraction with chloroform and isolated by precipitation from chloroform into methanol to give
428 mg (78%) of product. See Figure 2.11 for *H NMR.

Table 2.1. Molecular weight and PDI of P3HT measured by SEC

RR M, (g/mol) PDI
96% 28,600 1.5
90% 18,000 1.4
86% 25,700 1.5

The PCBM was synthesized in-house by the method first reported by Hummelen et al in
1995 and was purified using the same reported procedures.**

UV-Visible absorption spectra were obtained using a Carey 50 Conc UV-Visible
spectrophotometer. For thin film measurements polymers were spin coated onto untreated glass
slides from chlorobenzene solution (30 mg/ml). A model P6700 Spincoater was used to spin coat
the films at 2000 RPM for 60 s.

Polymer mobility was measured using a diode configuration of ITO/ PEDOT:PSS/
Polymer/Al in the space charge limited current regime. At sufficient potential the conduction of
charges in the device can be described by

9 V?
Jeac =§8R80;JF, (1)

where ¢, is the permittivity of space, &z is the dielectric constant of the polymer (assumed to be
3), p is the mobility of the majority charge carriers, V is the potential across the device (V =
Vappiied — Vi - Vr), and L is the polymer layer thickness. The series and contact resistance of the
device (13-21 Q) was measured using a blank (ITO/PEDOT/ALI) and the voltage drop due to this
resistance (V) was subtracted from the applied voltage. The built-in voltage (Vyi), which is
based on the relative work function difference of the two electrodes, was also subtracted from the
applied voltage. The built-in voltage can be determined from the transition between the ohmic
region and the SCL region and is found to be about 1 V. Polymer film thickness was measured
by a Veeco Dektak profilometer.

Differential Scanning Calorimetry measurements were performed on a TA instrument DSC
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Q200. The samples (~5mg) were heated from 40°C to 260°C at a heating rate of 10°C min™
under N, atmosphere. Samples were prepared by drop casting a 30mg/mL chlorobenzene
solution onto the DSC pan and letting the solvent slowly evaporate under Argon atmosphere
before DSC measurements.

2.5.2 Photovoltaic Device Fabrication
All solar devices have a layered structure with the photoactive layer consisting of a P3HT
and PCBM blend sandwiched between the two electrodes, ITO and Al. Glass substrates coated

with a 150nm sputtered ITO pattern of 20 Q O resistivity were obtained from Thin Film
Device, Inc. The ITO-coated glass substrates were ultrasonicated for 20 min each in acetone, and
then 2 % Helmanex soap water, followed by extensive rinsing and ultrasonication in deionized
water, and then isopropyl alcohol. The substrates were then dried under a stream of air. A
dispersion of PEDOT:PSS (Baytron-PH500) in water was filtered (1um glass) and spin coated at
3400 RPM for 60s, affording a ~20-30 nm layer. The substrate was dried for 15 min at 140°C in
air and then transferred into an Argon glove box for subsequent procedures. Separate solutions of
P3HT and PCBM were prepared in chlorobenzene at a concentration of 30mg/ml. The solutions
were stirred for 24 hrs and passed through 0.45um PTFE syringe filer before they were mixed at
a 55:45 ratio and diluted with chlorobenzene to make a 13.5mg/ml P3HT and 11.0mg/mL PCBM
blend solution. The blend solution was applied to the substrate and spun at 1200 RPM for 60s on
top of the PEDOT:PSS layer. The substrates were then placed in an evaporation chamber and
pumped down in vacuum (~107 torr) before evaporating a ~100nm Al layer through a shadow
mask on top of the photoactive layer. The configuration of the shadow mask afforded eight
independent devices on each substrate, and each device has an active layer of ~0.03cm” The
mechanical removal of part of the organic layer allowed contact with the ITO, and adding
conductive paste to the removed area to ensure electrical contact completed the device. Thermal
annealing was performed after Al deposition by directly placing the completed device on a
temperature-controlled hotplate at 150°C inside the glove box. Devices were cooled to room
temperature before testing. Testing of the devices was performed under an argon atmosphere
with an Oriel Xenon arc lamp with an AM 1.5G solar filter. Current—voltage behavior was
measured with a Keithley 236 SMU. Eight devices were averaged for each condition.

2.5.3 Morphology Characterization

Optical Microscopy

Optical microscopy samples were prepared by spin coating the same P3HT:PCBM
solutions onto pre-cleaned glass substrates and annealed on top of hot plates. Microscopic
evaluations were performed using a Nikon TE200 inverted fluorescence microscope (Scientific
Instrument Company, Sunnyvale, CA). Images were acquired with a Micropublisher 5.0 RTV
CCD camera from QImaging (Burnaby, BC, Canada).

Grazing-Incidence X-ray Scattering (GIXS)

GIXS experiments were conducted at the Stanford Synchrotron Radiation Laboratory on
beamline 11-3. The sample is irradiated at a fixed incident angle on the order of a tenth of a
degree and the GIXS patterns are recorded with a 2-D image detector (MAR345 image plate
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detector). GIXS patterns were recorded with an X-ray energy of 12.72 keV (A=0.975A). To

maximize the intensity from polymer sample, the incident angle (~0.1°-0.12°) was carefully

chosen so that the X-ray beam penetrates the polymer sample completely but not the silicon
substrate. Typical exposure times were 90-180 sec. To produce identical surface condition as
samples for device fabrication, a thin layer (20-30 nm) of PEDOT:PSS (Baytron Ph500) was
spun onto silicon substrates with a native oxide. And then GIXS samples were prepared by spin-
coating the same solutions used for making solar devices onto silicon substrates at 1200RPM for
60s. The substrates were placed directly on top of hot plates under Argon for thermal annealing.

Scanning Electron Microscopy (SEM)

SEM samples on silicon substrates were prepared under identical condition as GIXS
samples. Imaging was performed using a Zeiss Gemini Ultra-55 Analytical Scanning
Electron Microscope with an in-lens secondary electron detector with resolution of 1Inm at
beam energy of 10kV. Measurements were performed at the Imaging and Manipulation Facility
at the Molecular Foundry in Lawrence Berkeley National Lab.

Transmission Electron Microscopy (TEM)

TEM images were obtained using a FEI TECNAI G® with a 200 kW accelerating voltage.
Samples were prepared by spin-casting films from chlorobenzene as used for device
measurement on to freshly cleaved NaCl single crystal substrates at 1500RPM for 60s. The
films were floated onto water and placed onto a 600 mesh copper TEM grid (Electron
Microscopy Science, Inc.).

2.5.4 Additional Figures

Figure 2.7. SEM images of P3HT: PCBM blend films at 55:45 weight ratio annealed at 150°C for 3 hrs. Scale bar =
100um.
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Figure 2.8. Additional TEM images to show the similar bicontinuous network achieved in 96%RR (top) and
86%RR (bottom) P3HT:PCBM blend films at 55:45 wt ratio and annealed at 145°C for 15min.
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Figure 2.9. "H NMR and expanded region with integration for 96% RR P3HT.
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Figure 2.12. Schematic of the organization of P3HT chains relative to the substrate and domain spacing.
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Chapter 3

Modifying the Dielectric Properties of Conjugated Polymers for
Improved Charge Separation

Abstract

A modified poly(3-hexylthiophene) (P3HT) derivative is used to examine the correlation
between the dielectric constant of the active layer and charge separation efficiency in organic
photovoltaics. 15Cl, a poly(alkylthiophene) with a terminal camphoric imide moiety appended to
the end of 15% of its alkyl chains, is designed to increase the dielectric constant of P3HT layers
and thus improve charge separation in all-polymer solar cells. Incorporating 15CI with a
dielectric constant of 5.6, almost twice that of P3HT, leads to improved performance over pure
P3HT in bilayer all-polymer solar cells with CN-PPV as the acceptor. The higher efficiencies in
the P3HT:15CI blend devices are attributed to the higher active layer dielectric constant which
facilitates improved charge separation. An optimized device utilizing a 1:1 blend of P3HT:15CI
shows a 42% increase in power conversion efficiency compared to a P3HT control device.
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3.1 Introduction

Although OPVs have generated much interest due to their potential in the production of
low-cost solution-processed solar cells,' state-of-the-art OPVs exhibit power conversion
efficiencies (PCEs) of only 4-5%.> In contrast, their inorganic counterparts can produce PCEs
well over 20%.> A major difference between inorganic and organic solar cells is the dielectric
constant (¢) of the semiconductor and this difference leads to dramatically different photovoltaic
operating mechanisms.* Inorganic semiconductors have a relatively high € (typically > 10) and
thus generate free charges directly upon photoexcitation.’” On the other hand, organic
semiconductors with a lower ¢ (~ 3) form strongly bound excitons.’

Due to the excitonic nature of organic semiconductors, charge generation in an OPV
device must occur at a donor/acceptor interface via a two-step mechanism that involves the
ultrafast separation of the exciton into an intermolecular bound radical pair, followed by a slower
conversion to mobile carriers.” The driving force for this charge separation, i.e. AGcs, is typically
defined by the Weller equation, which includes critical terms such as the ionization potential of
the donor and the electron affinity of the acceptor.® AGcs is also known to be affected by the
dielectric constant.” '® Theoretical modeling suggests that increasing € of the active layer can
increase |[AG| of charge dissociation as well as decrease |[AG| of charge recombination, both of
which would facilitate the generation of free charge carriers.'' Experimental studies on
photoinduced charger transfer in solution have also concluded that a higher ¢ solvent increases
the stabilization of the charge separated species, leading to more facile charge separation.”
These reports and others suggest the importance of ¢ in the active layer and how it might
favorably influence OPV performance.'

Of particular interest are all-polymer OPVs, which suffer performance loss from a low
charge separation efficiency. The smaller LUMO-LUMO offset between the donor and the
acceptor typical of these devices leads to a reduced driving force for charge separation.'*
Mandoc et al. have also ascribed the poor charge dissociation efficiency in an all-polymer
system to the lower & of the polymer blend in comparison to polymer-fullerene composites,
which benefits from the high polarizability of the fullerene.'> Therefore, increasing the dielectric
constant of the active layer may be particularly useful in facilitating charge separation in all-
polymer OPVs by increasing the |AG| of charge separation and/or reducing recombination losses
through the stabilization of separated charges.

3.2 Results and Discussion

Camphoric anhydride has been used as a dopant to increase € of a polystyrene film.'® In
this Chapter, we describe a newly synthesized poly(3-hexylthiophene) (P3HT) substituted with
camphor imide (CI) moieties and its use as the donor in all-polymer OPVs. The dielectric,
optical and thermal properties of the CI-modified polymer and its increased performance in solar
cells are shown as a function of % CI incorporation. We report the first systematic experimental
study of the effect of increasing the dielectric constant of a conjugated polymer and establish a
correlation between the dielectric constant and OPV device operation.

The CI-modified P3HT (Figure 3.1a) was prepared by copolymerizing 2,5-dibromo-3-
hexylthiophene and the Cl-appended thiophene monomer at a controlled ratio via a Grignard
metathesis (GRIM) polymerization (see Scheme 3.1). The concentration of CI-modified unit in
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the final polymer after purification was determined to be ca. 15 mol% based on 'H NMR
analysis. A regioregular P3HT of similar M, and PDI was polymerized via the same method as a
control. Because the CI moiety is not conjugated to the backbone and does not absorb light, it
should have minimal impact on the electronic structure of the polymer as confirmed by cyclic
voltammetry measurements (See Figure 3.6). This material choice and design strategy aims to
more easily attribute changes in device performance to the influence of €.
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Figure 3.1. (a) Absorption spectra of P3HT, 15CI, and a 1:1 P3HT:15CI blend. (Inset) The structure of 15CI where
x =0.85 and y = 0.15. GIXS patterns from thin films of (b) P3HT, (c) 15CI, and (d) 1:1 P3HT:15CI.

Although the electronic structure of P3HT is largely preserved in 15CI, adding the CI
group leads to changes in the solid state optical properties. As shown in Figure 3.1a, the thin film
absorption of 15CI is reduced in intensity and blue-shifted from that of P3HT. Moreover,
vibronic structures seen at 560 nm and 620 nm, which are indicative of crystalline packing,'’ are
clearly visible in the P3HT spectrum and absent in the 15CI spectrum. The changes in absorption
are most likely a consequence of appending the bulky CI unit, which leads to the disruption of
the solid-state packing of the thiophene backbone. A film blend consisting of a 1:1 ratio by
weight of P3HT and 15CI has an absorption higher than that of 15CI but lower than P3HT. More
importantly, the vibronic structures are again visible in the blend, suggesting that the crystallinity
of P3HT is largely retained upon blending.

A comparison of the two dimensional grazing incidence X-ray scattering (GIXS).patterns
of Figures 3.1b and 3.1c shows that 15CI has much weaker diffraction peaks than P3HT.
Differential scanning calorimetry (DSC) data supports the lower crystallinity finding for 15CI as
evidenced by a reduced crystallization peak (see Figure 3.7 for DSC data). In contrast, the
diffraction peaks of the 1:1 P3HT:15CI blend are more comparable in intensity to those for
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P3HT (Fig.3.1b & 3.1d), This is again confirmed by DSC data of the blend sample, which shows
thermal properties similar to P3HT.
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Figure 3.2. (a) PCE of bilayer solar cells and the dielectric constant (&) of the polymer as a function of wt% 15CI
blended into P3HT. (b) I-V curves of the best bilayer devices fabricated from P3HT, 15CI, and a 1:1 blend as the
donor layer with CN-PPV as the acceptor.

The dielectric constant of P3HT, was determined to be 2.9 + 0.3 at 1000Hz (see Figure
3.2 and Figure 3.5), consistent with literature values.'® The higher capacitance of the 15CI results
in a larger € value (5.6 = 0.4 at 1000Hz) nearly twice that of P3HT. The dielectric constants of
blend films made from three different ratios of P3HT and 15CI (4:1, 1:1, 1:4) were also
measured. Figure 3.2a illustrates the trend of increasing € in blends that contain a higher wt% of
15CL

Solution processed all-polymer bilayer solar cells were fabricated using either P3HT,
15CI or a blend of the two as the donor layer and a separate top layer of poly[2-methoxy-5-(2'-
ethylhexyloxy)-1,4-(1-cyanovinylene)phenylene] (CN-PPV) as the acceptor. The device
architecture consisted of ITO/ PEDOT:PSS/ P3HT:15CI (40 nm)/ CN-PPV (40 nm)/ LiF/ AL
The bilayer architecture was chosen to allow the investigation of fundamental properties of the
separate donor and acceptor layers without the complications of morphology introduced in a bulk
heterojunction device. As shown in Figure 3.2, the performance of pure 15CI/CN-PPV bilayer
devices (average PCE = 0.32%) is slightly lower than that of P3HT/CN-PPV devices (average
PCE = 0.38%). The main difference is the photocurrent, where the 15CI/ CN-PPV devices have a
lower average short circuit current (Ji) of 1.03 mA cm™ compared to the P3HT/ CN-PPV
devices with an average Js. of 1.24 mA cm™>. This decrease is likely due to the losses in
absorption and crystallinity shown for 15CI.

Bilayer devices made from blend films of P3HT and 15CI showed improved performance
with higher Ji, FF and overall PCE compared to either homo-polymer (See Table 3.3 for device
parameters). In Figure 3.2b, the I-V curves of the best devices fabricated from P3HT, 15CI and a
1:1 blend illustrate that devices from the 1:1 blend show both enhanced photocurrent (J5. = 1.51
mA cm™) and an improved PCE of 0.54%. In order to eliminate the possibility of differences in
interfacial areas between the various donor layers and the CNPPV acceptor layer, AFM images
of the donor layer before and after solvent washing were recorded and the RMS roughness of all
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samples were comparable (See Figure 3.8 and Table 3.4). Because the absorption and solid state
packing of the blends are not superior to pure P3HT, the improvement in device efficiency is
attributed to the larger € resulting from incorporation of 15CI. The increased J and FF strongly
suggest that charge separation is more efficient at the D/A interface in these films. The improved
separation efficiency is likely due to the higher ¢ of the active layer leading to a larger AGcs
which assists in the dissociation of excitons and/or bound radical pairs. The improvement could
also be due to the stabilization of charge separated species by the surrounding dipoles, which can
reduce recombination losses.

3.3 Conclusions

In conclusion, we have designed and synthesized a CI-modified polythiophene with a
higher dielectric constant than P3HT. Although adding the CI moiety leads to reductions in
absorption and chain packing in 15CI, these losses can be partially recovered in P3HT:15CI
blend films while maintaining a higher dielectric constant. In all-polymer bilayer solar cells
using CN-PPV as the acceptor, a blend of 15CI and P3HT as the donor layer leads to clear
improvements in device performance. This enhancement is attributed to the higher active layer
dielectric constant and subsequent stabilization of charge separated species as well as an increase
in the |AGcs| for more efficient charge separation.

3.4 Experimental

3.4.1 Synthetic Details

All chemicals were purchased from Aldrich and used without further purification unless
stated otherwise. All reactions were performed under nitrogen in glassware that had been flame
dried under vacuum. All compounds were characterized by '"H NMR (400 MHz) and °C NMR
(75 MHz) on a Bruker AVB 400 or AVQ 400. For polymer molecular weight determination,
polymer samples were dissolved in HPLC grade dichlorobenzene at a concentration of 1 mg/ml.
The solutions were briefly heated and then allowed to return to room temperature before filtering
through a 0.2 pm PVDF filter. SEC was performed using HPLC grade dichlorobenzene at a
flow rate of 0.8 pL/min on two 300 x 8 mm linear S SDV, 5 micron columns (Polymer Standards
Services, USA Inc.) at 70°C using a Waters (Milford, MA) 2690 separation module and a Waters
486 Tunable Absorption Detector monitored at 350 nm. The instrument was calibrated vs.
polystyrene standards (1,050 — 135,000 g/mol) and data was analyzed using Millenium 3.2
software. GC/MS data was collected on an Agilent 7890A GC system fitted with an Agilent HP-
5 chromatography column. Helium carrier gas at a flow rate of 2.2 mL/min was used as the
mobile phase. The sample inlet was 250 °C and a pressure of 8.8 PSI was used to load the
vaporized compounds onto the column at a split ratio of 50:1. The oven temperature was
equilibrated at 50 °C for 30 seconds, and then a temperature program was run as follows. 50 °C
for 1 minutes, ramp to 310 °C at 20 °C/min, hold at 310 °C for 10 minutes. Total run time is 24
minutes. An auxiliary heater is kept at 150 °C between the GC column and the Agilent 5975C
VL MSD system, in order to keep the separated compounds from precipitating from the He
carrier gas at the MSD system inlet. MS information was collected by the 5975C system and
analyzed with the Agilent Chemstation software.

40



Scheme 3.1.
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Reagents: i. Pd(PPhj),/Cul, THF/Et3N, 75%; ii. Pd/C, EtOH, 95%; iii. NBS, THF, 80%; iv. MsCl, Et3N,
DMAP, quant.; v. Nal, acetone, 90%; vi. Cs,COg3, THF, 75%; vii. 1)PrMgCl, LiCl, 2)Ni(dppp)Cl,, 75%.

6-(Thiophen-3-yl)hex-5-yn-1-0l (1). A Schlenk flask was charged with 7.5 g of 3-bromo-
thiophene (46.0 mmol), 5.0 g of hex-5-yn-1-0l (50.9 mmol) and 150 ml of THF/Et;N (v/v, 3/2).
The clear solution was degassed with argon for 15 min. Then Pd(PPhs)s (1.5 g, 1.3 mmol, 3
mol%) and Cul (0.5 g, 2.7 mmol, 6 mol%) were added under the protection of argon. The
resulting yellow solution was heated overnight at 80°C. The brownish suspension was filtered
through a short plug of celite. After evaporation of the solvent, the residue was purified by flash
chromatography on silica gel with ethyl acetate:hexane (1/2.5) to afford a light yellow oil (6.0 g,
75%). '"H NMR (CDCls, dppm): 7.32 (m, 1H), 7.22 (m, 1H), 7.04 (m, 1H), 3.68 (q, 2H), 2.43 (m,
2H), 1.69 (m, 4H), 1.34 (s, 1H). GC-MS: ¢t = 9.82 min, m/z = 180.0.

6-(Thiophen-3-yl)hexan-1-o0l (2). A mixture of 6-(Thiophen-3-yl)hex-5-yn-1-o0l (6.0 g, 33.3
mmol) and 5% Pd on carbon (1.1 g, 20 wt%) in 200 ml ethanol was hydrogenated at room
temperature under 100 psi H, for 36 hours. The mixture was then filtered through celite. After
removal of the solvent, the product was isolated by vacuum distillation to afford a colorless oil
(3.7 g, 95%). 'H NMR (CDCls, dppm): 7.23 (m, 1H), 6.92 (m, 2H), 3.63 (t, 2H), 2.63 (t, 2H),
1.67-1.52 (m, 4H), 1.42-1.27 (m, 5H). >C NMR (CDCl;, dppm):143.02, 128.22, 125.09, 119.81,
62.96, 32.67, 30.47, 30.16, 29.04, 25.54. GC-MS: ¢ = 8.89 min, m/z = 184.1.

6-(2,5-Dibromothiophen-3-yl)hexan-1-ol (3). A solution of 6-(thiophen-3-yl)hexan-1-o0l (3.7 g,
20.0 mmol) in 75 ml of THF was cooled to 0°C. N-bromosuccimide (7.4 g, 41.6 mmol) was
added in one portion to the reaction. The resulting mixture was then allowed to warm to room
temperature and stirred overnight. Then the reaction mixture was then added to 100 ml of water,
and extracted with ethyl ether (150 ml x 2). The combined organic phases were dried over
MgSOy, and the solvent removed under reduced pressure. The light yellow residue was purified
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by flash chromatography on silica gel with ethyl acetate:hexane (1/3) to afford the product as a
clear oil. (5.4g, 80%). "H NMR (CDCls, 8,pm): 6.78 (s, 1H), 3.64 (t, 2H), 2.51 (t, 2H), 1.60-1.52
(m, 4H), 1.43-1.34 (m, 4H). GC-MS: ¢ = 11.5 min, m/z = 341.9.

6-(2,5-Dibromothiophen-3-yl)hexyl methanesulfonate (4). A solution of  6-(2,5-
Dibromothiophen-3-yl)hexan-1-ol (3.45 g, 10.0 mmol) in 75 ml of dry CH,Cl, was added to
Et;N (1.7 ml, 12 mmol) and dimethylaminopyridine (244 mg, 20 mol%). Methanesulfonyl
chloride (1.0 ml, 12.9 mmol) was then added dropwise to the reaction. After stirring at room
temperature for 1 hour, the reaction mixture was added to 100 ml of water and extracted with
CH)Cl, (100 ml x 2). The organic phases were then combined and dried over MgSOQO,. After
solvent removal under reduced pressure, a yellow oil was obtained and used in the next reaction
step without further purification. "H NMR (CDCls, dppm): 6.77 (s, 1H), 4.22 (t, 2H), 3.02 (s, 3H),
2.51 (t, 2H), 1.79-1.72 (m, 2H), 1.60-1.52 (m, 2H), 1.47-1.31 (m, 4H).

2,5-Dibromo-3-(6-iodohexyl)thiophene (5). 6-(2,5-Dibromothiophen-3-yl)hexyl
methanesulfonate (3.15 g, 7.5 mmol) and Nal (5.6 g, 5 equiv.) were combined in 75 ml of
acetone. The resulting mixture was refluxed for 2 hours. After filtering through celite, the
solution was concentrated and passed through a short plug of silica. After being diluted with
CH,Cl,, the light purple solution was washed with saturated Na,;S;0; (300 ml x 1). The
colorless solution was then dried over MgSQO, and the solvent removed under reduced pressure to
afford the product as a colorless oil (3.4 g, 90%). 'H NMR (CDCl;, dppm): 6.76 (s, 1H), 3.18 (4,
2H), 2.50 (t, 2H), 1.85-1.78 (m, 2H), 1.61-1.51 (m, 2H), 1.45-1.29 (m, 4H). *C NMR (CDCl;,
dppm): 142.59, 130.86, 110.43, 108.06, 33.78, 33.32, 30.19, 29.32, 29.27, 27.91. GC-MS: t = 12.5
min, m/z =451.9.

D,L-camphoric imide (6). An Erlenmeyer flask was charged with D, L-camphoric anhydride
(5.89 g, 32.3 mmol), urea (2.33 g, 30.1 mmol) and a magnetic stir bar. The Erlenmeyer flask
was then placed in a sand bath preheated to 230 °C. Bubbles were generated as both compounds
melted and reacted. After 30 min, the heating source was removed. The crude product was then
purified by recrystallization from water to afford an off-white solid (5.0 g, 85%). 'H NMR
(CDCl3, 8ppm): 7.89 (s, 1H, NH), 2.60 (d, 1H), 2.28-2.16 (m, 1H), 2.04-1.78 (m, 3H), 1.17 (s,
3H), 1.03 (d, 6H). GC-MS: ¢ = 8.5 min, m/z = 181.1.

Monomer (7). Camphoric imide (1.25 g, 6.9 mmol) was dissolved in 25 ml of anhydrous THF.
Cs,COs3 (2.15 g, 6.6 mmol) was added to the solution in one portion. The resulting white
suspension was stirred at room temperature for 1 hour. Then a solution of 2,5-Dibromo-3-(6-
iodohexyl)thiophene (1.36 g, 3 mmol) in 5 ml of THF was added dropwise to the reaction,
followed by the addition of tetrabutylammonium iodide (1.22 g, 3.3 mmol). After stirring at
65°C for 24 hours, the reaction mixture was poured into 100 ml of water. The aqueous phase
was extracted with ethyl acetate (150 ml x 2) and dried over MgSO,. After removal of the
solvent, the crude product was purified by flash chromatography on silica gel with ethyl
acetate:hexane (1:9) to afford the product as a colorless oil (1.1 g, 75%). 'H NMR (CDCls, Oppm):
6.76 (s, 1H), 3.63 (t, 2H), 2.68 (d, 1H), 2.48 (t, 2H), 2.22-2.14 (m, 1H), 1.94-1.87 (m, 2H), 1.76-
1.69 (m, 1H), 1.52-1.47 (m, 4H), 1.22-1.16 (m, 4H), 1.04 (s, 3H), 0.95 (d, 6H). °*C NMR
(CDCls, 6ppm): 178.29, 176.34, 142.73, 130.87, 110.28, 107.94, 56.58, 54.36, 44.12, 39.23,
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34.20, 29.34, 29.30, 28.63, 27.40, 26.69, 25.28, 21.93, 19.22, 14.05. GC-MS: ¢ = 16.4 min, m/z =
426.1 (M"-Br)

Polymerization. A three-necked round bottom flask was charged with monomer 7 (0.18 g, 0.35
mmol), 2,5-dibromo-3-hexylthiophene (0.64 g, 1.95 mmol) and anhydrous LiCl (0.11 g, 2.56
mmol). The resulting solution was cooled to -78°C and stirred for 30 min. Then ‘PrMgCl (2 M in
THF, 1.1 ml, 2.2 mmol) was added to the reaction mixture dropwise. After stirring at -78°C for
30 min, the reaction was transferred in to an ice/water bath (< 5°C) and stirred for an additional
hour. Then Ni(dppp)Cl, (3.5 mg, 6.5 umol, 0.3 mol%) was added in one portion. Following the
addition of Ni(dppp)Cl,, the color of the reaction mixture changed from colorless to red. The
reaction was then heated at reflux for 12 hours. The polymer was precipitated into methanol
(500 ml) from THF and filtered into a Soxhlet thimble and extracted with methanol for 12 h,
followed by hexanes for 12 h. The polymer was then isolated by extraction with chloroform,
followed by concentration and finally precipitation into methanol (500 ml). The control polymer
(P3HT) was synthesized using a similar procedure without LiCl. A typical yield of ~ 75% was
obtained for these polymerizations.

Table 3.1. Molecular weight and PDI of polymers used in present study measured by SEC. Regioregularity (RR) is
determined by 'H NMR.

polymer M, (g/mol) PDI RR
P3HT 32,000 1.1 96%
15CI 24,000 1.2 > 90%

3.4.2 Optical and Electronic Characterization of Polymers

Cyclic voltammograms were collected using a Solartron 1285 potentiostat under the
control of CorrWare II software. A standard three electrode cell based on a Pt button working
electrode, a silver wire pseudo reference electrode (calibrated vs. Fc/Fc+), and a Pt wire counter
electrode was purged with nitrogen and maintained under a nitrogen atmosphere during all
measurements. Acetonitrile was distilled over CaH, prior to use and tetrabutyl ammonium
hexafluorophosphate (0.1 M) was used as the supporting electrolyte. Polymer films were drop
cast onto a Pt button working electrode from a 1% (w/w) chloroform solution and dried under
nitrogen prior to measurement.

UV-Visible absorption spectra were obtained using a Carey 50 Conc UV-Visible
spectrophotometer. For thin film measurements polymers were spin coated onto untreated glass
slides from chlorobenzene solution (10 mg/ml). A model P6700 Spincoater was used to spin coat
the films at 1200 RPM for 60 s.

Photoluminescence (PL) spectra were collected using a Horiba Jobin Yvon NanoLog.
Samples were prepared under identical conditions as photovoltaic devices. Polymers were spin
coated onto clean glass slides from chlorobenzene solution at 10 mg/ml concentration. CN-PPV
was deposited subsequently on top from spin coating an ethyl acetate solution at 8 mg/ml
concentration as a quenching layer. Samples were excited at 600 nm where CN-PPV does not
absorb so that only the PL of P3HT was observed. The PL intensity of sample films with and
without CN-PPV were compared to calculate the extent of quenching.
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Polymer mobility was measured using a diode configuration of 1ITO/ PEDOT:PSS/
Polymer/ Al in the space charge limited current (SCLC) regime. At sufficient potential the
conduction of charges in the device can be described by

V2

9
J =— — 1
sac 8550!‘L3, (D

where ¢, IS the permittivity of free space, € is the dielectric constant of the polymer, p is the
mobility of the majority charge carriers, V is the potential across the device (V = Vapplied — Vbi -
V), and L is the polymer layer thickness. The series and contact resistance of the device (~15 Q)
was measured using a blank device (ITO/ PEDOT:PSS/ Al) and the voltage drop due to this
resistance (V) was subtracted from the applied voltage. The built-in voltage (Vyi), which is
based on the relative work function difference of the two electrodes, was also subtracted from the
applied voltage. The built-in voltage can be determined from the transition between the Ohmic
region and the SCLC region and was found to be about 1 V. Polymer film thickness was
measured by a Veeco Dektak profilometer.

Table 3.2. SCLC mobility of polymers used in present study

Polymer w(em*vV'sT
P3HT le-3
15CI le-4
1:1 P3HT:15CI blend 2e-4

Differential Scanning Calorimetry (DSC) measurements were performed on a TA
instrument DSC Q200. The samples (~5 mg) were heated from 40°C to 260°C at a heating rate
of 10°C min™ under N, atmosphere. Samples were prepared by drop casting a 30mg/ml CB
solution onto the DSC pan and letting the solvent slowly evaporate under Argon atmosphere
before DSC measurements.

Grazing-Incidence X-ray Scattering (GIXS) experiments were conducted at the Stanford
Synchrotron Radiation Laboratory on beamline 11-3. The sample was irradiated at a fixed
incident angle on the order of 0.1° and the GIXS patterns were recorded with a 2-D image
detector (MAR345 image plate detector). GIXS patterns were recorded with an X-ray energy of
12.72 keV (A = 0.975 A). To maximize the intensity from polymer sample, the incident angle

(~0.1°-0.12°) was carefully chosen so that the X-ray beam penetrates the polymer sample

completely but not the silicon substrate. Typical exposure times were 90-180 s. To produce
identical surface condition as samples for device fabrication, a thin layer (20-30 nm) of
PEDOT:PSS was spun onto silicon substrates with a native oxide. Then the GIXS samples were
prepared by spin-coating the same polymer solutions used for making devices onto silicon
substrates at 1200 RPM for 60 s. The substrates were placed directly on top of hot plates under
Argon for 3 hours of thermal annealing at 150°C before data acquisition.

The dielectric constant of a polymer film was determined by impedance spectroscopy.
Diode-like devices were fabricated with the structure ITO/ PEDOT:PSS/ polymer/ Al. The
complex impedance of the device was measured using a Solartron SI 1260 impedance analyzer
by applying an oscillating voltage of 100 mV. The measurement was performed in the dark at
ambient conditions at a range of frequencies from 10 MHz to 10 Hz. The equivalent circuit in
Figure 3.4 was used, with a capacitance C, a parallel resistance Ry, a series resistance Ry to model
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the data. The capacitance (C) was used to calculate the dielectric constant of the polymer film

by:

_ Cd
A

where d is the thickness of the film, &, is the permittivity of free space, and A is the area of the

electrode. Thicknesses of polymer films were ~ 60-70 nm, and the electrode area was 1 cm”.

O]

&

3.4.3 Photovoltaic Device Fabrication
All devices have a layered structure with the photoactive layer consisting of separate
donor and acceptor layers sandwiched between the two electrodes, ITO and LiF/Al. Glass

substrates coated with a 150nm sputtered ITO pattern of 20 Q O™ resistivity were obtained from
Thin Film Device, Inc. The ITO-coated glass substrates were ultrasonicated for 20 min each in
acetone, and then 2 % Helmanex soap water, followed by extensive rinsing and ultrasonication in
deionized water, and then isopropyl alcohol. The substrates were then dried under a stream of air.
A dispersion of PEDOT:PSS (Baytron PH500) in water was filtered (0.45 pum glass) and spin
coated at 3400 RPM for 60 s, affording a ~20-30 nm layer. The substrates were dried for 15 min
at 140°C in air and then transferred into an Argon glove box for subsequent procedures. P3HT
and 15CI solutions were prepared in chlorobenzene at a concentration of 10 mg/ml and were
heated to 120°C for complete dissolution. CN-PPV solution was prepared in ethyl acetate at a
concentration of 8 mg/ml. Ethyl acetate was chosen as the solvent because it is a bad solvent for
P3HT and this orthogonality afforded true bilayer devices. The solutions were stirred overnight
and passed through a 0.2 um PTFE syringe filer before they were spin coated. For blend
solutions, different ratios of P3HT and 15CI solutions were mixed and stirred overnight at 120°C
before spin coating. The donor layer, consisting of P3HT or 15CI or a blend of the two, was spin
coated first onto the substrate at 1200 RPM for 60 s on top of the PEDOT:PSS layer.
Subsequently, the CN-PPV layer was spin coated on top of the donor layer at 2000 RPM for 60
s. The substrates was then placed in an evaporation chamber and pumped down in vacuum (~10~
torr) before evaporating a 1 nm LiF layer and subsequently a 100 nm Al layer through a shadow
mask on top of the photoactive layer. The configuration of the shadow mask afforded eight
independent devices on each substrate, and each device has an active area of ~ 0.03 cm”. The
mechanical removal of part of the organic layer allowed contact with the ITO, and adding
conductive Ag paste to the removed area to ensure electrical contact completed the device.
Testing of the devices was performed under an argon atmosphere with an Oriel Xenon arc lamp
with an AM 1.5G solar filter. Current—voltage behavior was measured with a Keithley 236 SMU.
Eight devices were averaged for each condition.
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3.4.4 Additional Data and Figures

Table 3.3. Average device parameters of P3HT:15CI/CN-PPV bilayer cells.

P3HT:15ClI Vo N FF PCE
P3HT only 0.98 1.24 0.32 0.38% + 0.02
4:1 0.97 131 0.36 0.45% + 0.02
1:1 0.95 1.55 0.37 0.54% + 0.05
1:4 1.00 1.36 0.36 0.49% + 0.04
15Cl only 0.97 1.03 0.32 0.32% + 0.02

8 7 6 5 4 3 2 1 0
ppm

Figure 3.3. 'H NMR spectra of 15CI (top) and P3HT (bottom) in CDCl,



O

Rp
Figure 3.4. Equivalent circuit used to model the impedance spectroscopy data, with capacitance C, parallel
resistance R, and series resistance Ry indicated in the figure.
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Figure 3.5. Dielectric constant (€) of polymer films calculated from capacitance as a function of the frequency of the
oscillating voltage.
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Figure 3.6. Cyclic voltammograms (CV) of P3HT (top) and 15CI (bottom) films on a platinum electrode (0.1 M
BuyNBF, in CH3CN). Ferrocene was used as the internal standard, scan rate: 100 mV/s. The HOMO and LUMO

energy levels are calculated from the onset of oxidation and reduction potentials relative to ferrocene. For P3HT
they are 0.2 eV and -2.2 eV respectively, and for 15CI they are 0.3 eV and -2.1 eV respectively.
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To study the extent of D/A interfacial mixing in the bilayer devices, the surface topography of
the donor polymer films spin coated on PEDOT coated ITO glass substrates before and after
ethyl acetate (EtAc) washing was studied. Topographical images were obtained using a Veeco
Multimode V Atomic Force Microscope (AFM) in tapping mode.

P3HT

1:1 P3HT:15Cl

Figure 3.8. AFM tapping mode images of P3HT, 1:1 P3HT:15CI blend and 15CI films after ethyl acetate wash.
Vertical divisions are 10 nm each. Horizontal divisions are 1 um each.

Table 3.4. Average RMS roughness of polymer films taken on two 5 pm x 5 um areas.

As spun (nm) After EtAc wash (nm)
P3HT 3.0 4.3
1:1 P3HT:15CI 2.3 2.8
15CI 1.0 1.4
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Chapter 4

The Effect of Polymer Side Chain on Charge Separation — Steric
Control of the Donor/Acceptor Interface in Non-Fullerene OPVs?

Abstract

The performance of OPV devices are currently limited by charge recombination at the
donor/acceptor (D/A) interface, leading to low short-circuit current densities. Approaches toward
improving charge transfer at the critical D/A interface may provide new avenues to advance
OPYV technologies and the basic science of charge transfer in organic semiconductors. A two-step
charge separation process is an essential component of photocurrent generation in organic solar
cells. This Chapter highlights how steric control of the charge-separation interface can be
effectively tuned by changing the side chain of the donor polymer. This finding is of particular
significance for non-fullerene OPVs, which have many potential advantages such as tunable
energy levels and spectral breadth, but are prone to poor charge separation efficiency due to
decreased symmetry and electron delocalization of non-fullerene electron acceptors.
Computational, spectroscopic, and synthetic methods were combined to develop a structure-
property relationship that correlates polymer substituents with charge-transfer state energies and,
ultimately, device efficiency.

2Reproduced in part with permission from Holcombe, T. W.; Woo, C. H.; Kavulak, D. F. J;

, J. M. J. Journal of the American Chemical Society 2009, 131, 14160-14161. Copyright 2009 American
Chemical Society and Woo, C. H.; Holcombe, T. W.; Unruh, D. A.; Sellinger, A.; , J. M. 1. Chemistry of
Materials, 2010, 22, 1673-1679. Copyright 2010 American Chemical Society.
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4.1 Introduction

State-of-the-art OPV devices generally rely on soluble fullerene derivatives (e.g. PCs;BM
or PC;1BM) as both the electron acceptor and transporter. Polymer:fullerene blends, termed
bulk heterojunctions (BHJs), hold record efficiencies around 8%.* Although these devices have
provided exceptional growth for the field of OPVs and have demonstrated rapid performance
improvement over the past two decades, alternative n-type materials®’ and device architectures®
could lead to break-through technological advances and fundamental understandings. Currently,
the best non-fullerene OPV device efficiencies is ca. 2%, mostly limited by inefficient charge
separation and low short-circuit current densities.? Therefore, to move beyond fullerene-based
OPVs, a greater understanding of charge generation is critical.

Fullerenes provide several potential advantages over polymers and non-fullerene small
molecules as electron acceptors in OPVs; they possess high molecular symmetry, are strongly
polarizable, and present triply-degenerate LUMO levels.®* On the other hand, conjugated
polymers and planar small molecules are less symmetric, often have well-defined charge-
transport axes,”* and are generally not as highly polarizable — conjugated polymers have a
dielectric constant of ca. 3 vs. fullerenes with a dielectric constant of ca. 4."° These properties
of fullerenes generally facilitate charge separation and efficient charge extraction.

Charge separation in OPVs happens at the donor/acceptor interface, where the energy
offset between the donor and the acceptor provides the thermodynamic driving force to separate
the photoexcited state.'”*® The abbreviated Weller Equation has been used to estimate the
relative free energy of charge separation (AGcs™) for several donor polymers combined with a
fullerene acceptor: AGes™ = Es — [(HOMOgonor — LUMOscceptor)|- The difference between the
singlet excited state energy (Es) of the donor polymer and the HOMO-LUMO offsets provided
good agreement with measured short-circuit current (Ji).?° Although values for AGcs™
calculated from this equation loosely correlated with the observed Ji. for several devices,?*??
many additional factors such as active layer absorption breadth, optical density and morphology,
as well as charge-carrier mobility and electrode choice are all known to critically affect Jg.
Notably, the abbreviated Weller equation does not include the lattice polarization energy or
Coulomb attraction terms, as these are not easily measured by any experimental methods.?* To
expanding our understanding of charge generation in OPVs, we must explore factors beyond the
thermodynamics of charge separation as estimated from bulk electronic properties.

For instance, charge generation depends not only on the donor and acceptor material
energy levels, but also on the specific molecular environment at the donor/acceptor (D/A)
interface and on the kinetics of exciton separation/recombination.*®**?* Similar to a chemical
reaction, exciton separation to yield free charges can proceed via more than one mechanism. In
some cases, no ‘“reaction” intermediates are observed, whereas in other cases there is an
intermediate “geminate pair” or charge transfer (CT) state. Probing the parameters that control
the mechanism of charge generation is of great importance to the field of OPVs.

Our work toward understanding charge generation originated from a structural point of
view, and we drew inspiration from studies reported by Granstrom et al. in 1998.% In that study,
poly[3-(4-n-octyl)-phenylthiophene] (POPT) was shown to produce the most photocurrent in any
OPV device at the time, a notable achievement with the common electron acceptor material
poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-(1-cyanovinylene)phenylene] (CNPPV). Motivated by
that research, we compared the OPV performance of POPT and the prototypical semiconductor
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P3HT?*?" using four different non-fullerene acceptors, and we discovered that POPT consistently
outperforms P3HT (see Figure 4.1 and 4.3 for molecular structures). *** This was particularly
surprisingly because POPT devices always generated higher short-circuit currents than P3HT
devices despite the fact that POPT has a reduced optical density compared to P3HT. The main
structural difference in these two polymers is the phenyl ring on POPT, and we suspected that
the phenyl content of POPT played a critical role at the D/A interface, potentially facilitating
geminate pair separation.

Based on the abbreviated Weller Equation, POPT is thermodynamically less likely to
undergo exciton separation with a given acceptor, compared to P3HT. Thus, the considerably
and recurrently higher Jsc prompted an in-depth investigation combining device fabrication,
theoretical modeling, and advanced spectroscopy to gain insight into these systems. The
following results exploit observed differences in performance caused by the presence of phenyl
substituents to better understand the charge-separation process. By expanding this study to two
different polymer backbones and four different acceptors, we aim to probe the universality of
this design strategy for improving charge generation in non-fullerene OPVs. Structural control of
the D/A interface may become a powerful tool for tuning charge separation dynamics.

4.2 Results

4.2.1 Polymer Characterization

POPT was polymerized from the 2-bromo-5-iodo-3-(4-n-octyl)thiophene monomer in
~50% final yield with a modified GRIM procedure. Due to the steric and electronic effects of the
3-phenyl ring, elevated metal-halogen exchange and polymerization temperatures were required
to achieve suitable polymer yield and molecular weight. POPT with M, up to 75 kDa and PDI <
1.1 was obtained after Soxhlet purification. The purified POPT was >99% RR as determined by
NMR. All subsequent electronic and device characterization was performed with 35 kDa POPT
(see Table 4.1). To have a fair comparison, we also synthesized P3HT via GRIM polymerization.
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Figure 4.1. The molecular structures of POPT and P3HT.

Table 4.1. Characterizations of POPT and P3HT used in this study.

Absorption Hhole
( /Arlnnol) PDI RR  coefficient o at 4,4 (cmz/Vs) Hé) \I\I/I)O Lg%//l)O
& (x 10 cm™)
POPT 35,000 1.09 99% 4.1 1x10™ 5.5 3.2
P3HT 37,700 1.04 99% 8.1 1x10™ 5.2 3.2
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Both GRIM P3HT and POPT are highly regioregular (RR) and require heating to
completely dissolve in chlorobenzene. The limited solubility of P3HT and POPT in other organic
solvents enables the fabrication of bilayer solar cells using orthogonal solvents to deposit the
acceptor layer on top of the spin-coated polymer layer. The solid state absorption spectra in
Figure 4.2 show that POPT has a greater spectral breath with an absorption onset at 700 nm (1.8
eV) compared to 650 nm (1.9 eV) for P3HT. Typically, materials with a broad spectral breath
and low optical band gap are desirable for OPV application as it indicates a greater potential for
light absorption. However, one also needs to consider the optical density (i.e. the absorption
coefficient) of a material. The solid state absorption coefficients a shown in Table 4.1 are
measured by varying the polymer film thickness from 5 - 60 nm and examining the change in
intensity of their absorption maximum A, The o values are 8.1 x 10*cm™ for P3HT and 4.1 x
10* cm™ for POPT. The 50% reduction in optical density in POPT is likely due to the phenyl ring
twisting out of plane from the thiophene backbone, which leads to increased spacing between the
polymer backbones.”® Therefore, despite having a lower optical band gap than P3HT, POPT
actually has a lower potential to absorb light.

We have also determined, for the first time, mobility values of 1 x 10* cm?/Vs and 0.05
cm?®/Vs for POPT using space-charge limited current and field effect transistor measurements,
respectively. No change in mobility was observed upon thermal annealing. These mobility values
are similar to those obtained for P3HT and suggest that hole extraction in OPV devices is not
likely to differ much between these polythiophenes. The energy levels of the polymers as
measured by cyclic voltammetry are also shown in Table 4.1. P3HT has a HOMO level of 5.2
eV, whereas POPT has a lower HOMO of 5.5 eV. Both polymers have a similar LUMO level of
3.2¢eV.
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Figure 4.2. Normalized thin film absorption spectra of POPT and P3HT.

4.2.2 Solar Cell Comparison of POPT vs. P3HT

Four acceptors were utilized with POPT and P3HT in head-to-head comparisons:
CNPPV, 4,7-bis(2-(1-(2-ethylhexyl)-4,5-dicyanoimidazol-2-yl)vinyl)benzo[c][1,2,5]-thiadiazole
(EV-BT),”  N-(1-hexylheptyl)-N'-(1-ethylpropyl)perylene-3,4,9,10-tetracarboxylic  diimide
(PDI),® and poly{[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-
alt-5,5’-(2,2’-bithiophene) (Polyera Activelnk™ N2200)* (structures shown in Figure 4.3a). In
most cases, both bilayer and bulk heterojunction devices were compared, provided that an
orthogonal solvent system was found to allow the fabrication of bilayers. Polymer-polymer solar
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cells performed better in the bilayer device architecture, whereas polymer-small molecule solar
cells were better in the bulk heterojunction architecture. Table 4.2 and Figure 4.3 summarize the
device results.

Table 4.2. Device parameters of POPT vs. P3HT devices; maximum efficiencies for optimized device systems.
Symbol ‘/* indicates a bilayer device while symbol :” indicates a BHJ device.

Device Active Layer Jsc (MA/cm?) Voc (V) FF PCE (%)
POPT/CNPPV -5.44 1.06 0.35 2.00
P3HT/CNPPV -2.63 1.08 0.33 0.93
POPT:EV-BT -5.70 0.62 0.40 1.41
P3HT:EV-BT -2.81 0.77 0.51 1.11
POPT/N2200 -2.50 0.52 0.47 0.61
P3HT/N2200 -0.80 0.46 0.46 0.17

POPT:PDI -5.70 0.24 0.37 0.51
P3HT:PDI -1.70 0.57 0.41 0.39
b) .
\ Hf'é. 5_,;?;' rg u.--—/," ]
<
E s
_’_5_ e * POPT/ICNPPV ° n—="s  POPT/N2200
* P3HTICNPPV 3 s P3HT/N2200
| | I | | |
0.3 00 0.3 06 059 1.2 -0.3 0.0 0.3 0.6
Voltage (V) Voltage (V)

CiHis. _CiHis 5 . & . -
o._N_o NN 0 = ~ 0 —
L I N e NN --"/ 'F
[" T \r LN S ;'.’:h‘l — ﬂ —_—0_] . "."—‘-2— .
T e o : :

L"T'Iii; ~ S e 2ad T /

P, ("- "."; -6 i . - - -EV-

5 QI el S P el

[ - T T T 1

PDI EV-BT -0.3 oﬁoltagg'{a\;} 0.6 -0.3 o'%olt:gfe W;J.G 0.9

Figure 4.3. (a) The structures of four different acceptors (two polymers: CNPPV, N2200 and two small molecules:
PDI, EV-BT) that are tested in a head-to-head comparison between P3HT and POPT. (b) J-V curves for the devices
corresponding to the acceptor components in (a).

The relatively high solvent resistance of POPT resulting from its high M, and
regioregularity enables a better examination of the all-polymer system first explored by Friend.”
Therefore, CNPPV can be spin-coated directly on top of a POPT film using the solvent
tetrahydrofuran which does not dissolve POPT, leading to bilayer devices. A peak efficiency of
2.0% was achieved with this system after 2 hrs of thermal annealing at 110°C (average n =
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1.5%). This constitutes the highest reported efficiency to date for a solution processed all-
polymer OPV.>'**? Significantly, similar all-polymer devices optimized from P3HT vyielded a
max efficiency of 0.93% with an average of 0.75%. This lower efficiency is due to a reduction in
Jse. The increased J,. exhibited by the POPT/CNPPV devices does not derive from increased
absorption. Under optimized conditions, the POPT/CNPPV bilayer absorbs less light but exhibits
about twice the photocurrent of the P3HT/CNPPV bilayers with improved photocurrent across
the entire absorption spectrum of the device.

For the acceptor EV-BT, both bilayer and BHJ devices were fabricated. Bilayer devices
had the architecture: ITO/ PEDOT:PSS (30 nm)/POPT or P3HT (40nm)/ EV-BT (40 nm)/ LiF (1
nm)/ Al (100 nm). Upon annealing at 80°C for 20 min, the POPT devices reach an average
efficiency of 0.97%, which is more than twice that of P3HT devices with an average of 0.43%.
The higher efficiency of the POPT device originates from an improvement in the photocurrent as
Jie is 4.0 mA cm™ compared to only 1.7 mA cm™ for the P3HT device. BHJ devices were
optimized by varying annealing conditions, device thickness, and the ratio of polymer to EV-BT.
The optimal device thickness is ca. 100 nm for both systems and the optimal ratio of polymer to
EV-BT was 1:1 by weight with the following device structure: ITO/ PEDOT:PSS/polymer:EV-
BT/ LiF/ Al. After independent optimization, POPT:EV-BT devices exhibit an average
efficiency of 1.4% after 40 min of annealing at 80°C, which is slightly superior to that of
P3HT:EV-BT devices with an efficiency of 1.1%. The POPT device shows a clearly improved
Js. over the P3HT devices but its V. is lower than that of the P3HT device.

Similarly, for the acceptors N2200 and PDI, POPT devices displayed superior
performance over P3HT devices. It should be noted that the P3HT/N2200 device results are
consistent with two recent reports that demonstrated N2200 in a BHJ device with P3HT yields
~0.2% efficiency.*®* Therefore, based on individually optimized devices in all four
comparisons, POPT consistently outperforms P3HT. While the V.. and FF of the POPT and
P3HT devices are comparable in most cases, the Js. of POPT devices are at least twice those of
P3HT devices, leading to the higher overall efficiencies of POPT devices.

Besides differences in absorption, another possible explanation for the higher
photocurrent in the POPT device is improved blend morphology that allows for increased
donor/acceptor (D/A) interfacial areas for exciton dissociation. Figure 4.4 shows the AFM height
and phase images of films of POPT and P3HT blended with EV-BT at a 1:1 ratio. The samples
were processed under identical conditions as the optimized BHJ devices. Notably, both samples
lack any large scale phase separation, which indicates favorable mixing between the donor
polymer and EV-BT. In addition, the blend films show similar domain sizes of 10-20 nm in the
phase image. Since there appears to be little difference in total D/A interfacial areas in both
samples, morphology mostly likely does not account for the large difference in photocurrent in
devices made from the two polymers.
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Figure 4.4. AFM height (left) and phase images (right) of POPT (a, b) and P3HT (c, d) blends with EV-BT at 1:1
ratios annealed at 80°C for 100 min. Scale bar is 200 nm.

As the higher photocurrent observed with POPT:EV-BT devices is not expected based on
absorption and morphological considerations, we performed reverse bias analysis to study the
electric-field dependence of the charge generation process in these devices. By applying a larger
electric field across the device than the field at J., there is an increased driving force for charge
separation and collection within the device.**’ At sufficiently large reverse bias, the device
reaches saturation where all the excitons that reach the D/A interfaces are separated into free
charges, and all separated charges are collected at their respective electrode with minimal
recombination losses, thus revealing the maximum potential of each polymer:EV-BT device.**"’
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Figure 4.5. Photocurrent (J,,,,) versus effective applied voltage (Vy-V,,,) for optimized BHJ devices of POPT and
P3HT with EV-BT.

In reverse bias analysis, the photocurrent is often plotted as a function of effective

applied voltage. The photocurrent is defined as Jpnoto = Jiight — Jaark, Where Jiighe and Jgark are
current densities of the device measured under illumination and in the dark. The effective applied
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voltage is defined as Vet = Vo - Vapp, Where V, is the compensation voltage defined as the voltage
where Jpnoto = 0 and Vapp is the applied bias. A reverse voltage sweep was applied to the
polymer:EV-BT devices, and the photocurrent as a function of effective applied voltage is
plotted in Figure 4.5. Both polymer:EV-BT pairs display higher Jonoto @t higher applied bias as is
expected. For the POPT:EV-BT device, Jynoto Saturates relatively quickly at around Ve =2 V.
On the other hand, in the P3HT device, Jpnoto CONtinues to increase and does not reach saturation
even at Ve = 10 V. More importantly, the Jonoto Of the P3HT device surpasses that of POPT at
Vet = 9.5 V, indicating that P3HT:EV-BT can generate more photocurrent than POPT devices.
The fact that a PSHT:EV-BT device can generate higher Jpnoto agrees with expectations based on
absorption considerations (Table 4.1 and Figure 4.2) and the observation that the extent of D/A
phase separation are similar in the two systems (Figure 4.4). However, at typical operating
voltages near the Js. position indicated in Figure 4.5, POPT outperforms P3HT in terms of
charge separation as evidenced by the much higher Js. in POPT:EV-BT devices. Comparing the
Jonoto @t low and high fields for these two polymers, it is evident that the dissociation efficiency is
much higher for the POPT device, and this device is achieving more of its potential under
standard operating conditions.

4.2.3 Solar Cell Comparison of PQT-OP vs. PQT-DD

In order to generalize the effect of interfacial steric interactions on charge generation, we expanded the
scope of this study beyond POPT and P3HT to another polymer backbone, polyquarterthiophene (PQT). We
synthesized  poly(3,3-di(4-n-octyl)phenylquaterthiophene) PQT-OP and compared it to poly(3,3-
didodecylquaterthiophene) PQT-DD (Table 4.3 and Figure 4.6). Independently optimized devices with CNPPV, EV-
BT, and PDI were consistently found to perform nearly twice as well with PQT-OP compared to the alkyl derivative
PQT-DD, due largely to an increase in Ji.. The V, values for PQT based devices with the same acceptor material
were greater than for the polythiophene based, however there were no significant V. differences between the phenyl
and alkyl PQT derivatives. This supports our hypothesis that interfacial interactions could play a role that rivals the
importance of the materials energy levels.*®*° The CT state energy, whatever its physical structure, has already been
strongly correlated with Vo..*® It is worth noting that PQT-OP:PDI devices reported here have the highest
performance of any PDI-containing solar cells to date. These data supported our hypothesis that the effect of this
substituent could be generalized to other systems, as this is the same trend that was observed for POPT compared to
P3HT.

Table 4.3. Device parameters of PQT-OP vs. PQT-DD devices. Maximum efficiencies for individually optimized
device systems. A ¢/’ indicates a bilayer device while a :* indicates a BHJ device.

Device Active Layer Jie (MA/CM?) Ve (V) FF PCE (%)
PQT-OP/CNPPV -2.43 1.18 0.39 1.12
PQT-DD/CNPPV -1.51 1.20 0.38 0.69
PQT-OP/EV-BT -2.68 0.95 0.48 1.22
PQT-DD/EV-BT -1.48 0.98 0.43 0.62

PQT-OP:PDI -3.33 0.63 0.42 0.88
PQT-DD:PDI -2.18 0.66 0.34 0.49
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Figure 4.6. PQT polymer structures and a comparison of individually optimized devices. Devices were optimized
on the basis of thickness, solvent choice and annealing conditions.

These experimental results are in contradiction with predictions based on a simple
comparison of the donor polymer energy levels. The larger ionization potential (lower HOMO
level) of POPT compared to P3HT (-5.5 vs. -5.2 eV) in combination with a smaller bandgap
should thermodynamically result in a lower Js. based on the abbreviated Weller equation.
However, octylphenyl devices produce significantly increased Js. values compared to devices
utilizing the alkyl analogs. Morphological and light absorption parameters were ruled out as the
dominant factor in this kind of comparison. Analysis of the PQT polymers provided similar
results. PQT-OP has a slightly larger ionization potential (IP) and a similar optical gap compared
to PQT-DD; PQT-OP and PQT-DD have IPs of -5.4 vs. -5.3 eV, respectively, and optical gaps of
approximately 1.9-2.0 eV (with absorption onsets of 640 and 620 nm). Again, devices using the
octylphenyl derivative PQT-OP consistently produce a substantially greater Js.. These data
clearly confirm that the material state energies and optical properties are not the only factors
affecting the charge generation efficiencies in these systems. More importantly, we hypothesize
that the molecular interactions at the D/A interface are a determining factor in these devices.
Modeling of the D/A interface has recently predicted that the molecular configurations® and
environment at this interface are critical in the charge-generation process, and here we aim to
correlate theory with a benchmark physical test system.?*#42

4.2.4 Calculations of a Model System: POPT/CNPPV vs. PZHT/CNPPV

Since the highest performing devices utilized POPT and P3HT in combination with
CNPPV (Table 1, Figure 1) as the component materials, these systems were characterized in
more detail to understand how their structural properties influence interfacial interactions and,
ultimately, charge generation. The component materials were first analyzed using a
computational description of their molecular geometries. Modeling at the Density Functional
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Theory (DFT) B3LYP/6-31G(d,p) level of theory provided optimized geometries of the neutral
ground states for (isolated) hexamers of the relevant species (Figure 4.7). Two POPT
conformations were explored: the first structure allows the phenyl rings to participate in
conjugation with the thiophene backbone (Figure 4.7b, POPT-unconstrained) and the second
structure forces the phenyl rings to twist perpendicular to the backbone (Figure 4.7c, POPT-
perp). POPT-perp minimizes conjugation between the pendant phenyl ring of the side group and
the thiophene ring of the polymer backbone but maximizes conjugation along the backbone
(Figure 4.8). The neutral ground-state geometries were also calculated for P3HT (Figure 4.7a)
and CNPPV (Figure 4.7d), where the alkyl chains were modeled as methyl groups. The
calculations show that the backbone of POPT is strictly planar only when the phenyl rings are
forced out of plane with respect to the backbone, minimizing steric or electronic interactions
between the thiophene and phenyl groups.
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Figure 4.7.. B3LYP/6-31G(d,p) optimized neutral ground-state structures of the hexamers of (a) P3HT, (b) POPT-
unconstrained, (¢) POPT-perp and (d) CNPPV shown from the top-view (top) and side-view (bottom).
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Figure 4.8. P3HT and POPT molecular orbitals.
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Vertical transition energies of the polymers can be qualitatively described from those of
the oligomers by a Kuhn-type dependence on 1/N where N is the number of double bonds along
the shortest path connecting the terminal carbon atoms of the molecular backbone.*® The
electronic structures for oligomers of increasing length were calculated and a Kuhn fit of the data
was used to extrapolate the So — S; transition energies of the extended polymers. The plots for
the two POPT structures, P3HT, and CNPPV are presented in Figure 4.9. The best agreement
between theory and experiment, i.e., where the optical bandgap (Eg‘)pt) for POPT equals 1.8 eV,
occurs when the polymer backbone is planar, suggesting that the phenyl groups of polymer side
chains prefer to orient perpendicular to the backbone in thin films. The results for P3HT and
CNPPV are also in good agreement with experiment.

a) = P3HT

b) = POPT

= POPT-perp

)
) - »
a -
y [
) "
-
-
24
0.0 0.1 0.2
1IN
5
= CNPPV |
c)
4 OCH
p— { =\ OCH
L — ’_\ Vam 'n
b3 HyCO NC — CN
w H,CO
< 34 -
-
2 ann "
0.00 0.05 0.10 0.1¢

1IN
Figure 4.9. Vertical SO — S1 transition energies of (a) P3HT and (b) POPT-unconstrained and POPT-perp where

the phenyl group is constrained to be perpendicular to the polymer backbone (c) CNPPV. N is the number of double
bonds along the backbone.
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The presence of two dominant conformations of POPT is supported empirically by two-
dimensional grazing incidence X-ray scattering (2D GIXS) measurements. Figure 4.10a shows
the 2D GIXS pattern and the in-plane line scan of the POPT sample, while Figure 4.10b
illustrates the schematic of solid-state packing for POPT. The presence of two peaks at 3.8 and
5.1 A suggests that there are two different m-n packing distances in the POPT thin film.
Importantly, these two different n-n packing distances arise from the two major conformations
for the phenyl rings relative to the POPT backbone: the n-n packing distance of 3.8 A correlates
to the phenyl ring oriented parallel with the backbone, while the n-r stacking distance of 5.1 A
correlates to a POPT-perp orientation where the phenyl ring is twisted perpendicular to the
backbone and causes an increase in separation between adjacent polymers. It should also be
noted that the peak broadening observed in the GIXS pattern may be an indication that the
phenyl ring can adopt varying degrees of rotation between the parallel and perpendicular
conformations. The packing parameters of POPT have been studied in-depth elsewhere.**

GIXS data of PQT-OP also evidences two dominant conformations for the phenyl ring,
resulting in nt- spacings of 5.1 and 3.9 A (Figure 4.11). The relative scattering intensity of the
two m-m spacings in PQT-OP is reversed from that of POPT. This reversal in PQT-OP can be
attributed to the lack of substituents on two of the four thiophenes in the polymer repeat unit,
thereby favoring the tighter n-n spacing at 3.9 A. Detailed GIXS data for P3HT* and PQT-DD*
have been analyzed previously, and backbone spacings of 3.8 and 4.2 A were reported,
respectively. CNPPV derivatives are known to be relatively amorphous; however, weak
diffraction signals between 4 and 5 A have been observed.*’*® X-ray scattering, however, is
limited to the investigation of regular periodicity in a material and is not appropriate for the study
of blended interfaces. Since we are interested in the D/A interface in these material systems, we
turned to computational analysis to develop a model interface for the charge separation event.
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Figure 4.10. (a) An X-ray line scan of POPT thin film taken parallel to the substrate surface showing peaks at d
spacing equal to 28.6, 5.1 and 3.8 A corresponding to the “a” distance and two different “c” distances, respectively.
(inset) 2D GIXS pattern of POPT thin film on Si substrate. (b) Schematic of the polymer solid state packing relative
to the substrate, with corresponding labels to the peaks indicated in (a).
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Figure 4.11. 2D GIXS data and 1D line-scan for a film of PQT-OP on Si substrates.

Model dimer configurations were constructed from  Dbest-fit-planes  of
polythiophene/CNPPV separated at distances (R) between 4 and 5 A at 0.2 A increments (Figure
4.12). In order to construct CT states from these dimers, charges were constrained to each
molecule using the constrained density functional theory (C-DFT) method implemented in
NWChem Version 4.6.“°* A conductor polarizable continuum model (CPCM) with € = 4 was
used to approximate polarization effects expected in organic solid-state systems. Given the
limitations of the theoretical approach, we are mainly interested in the relative CT-state energies,
which are plotted in Figure 5¢c. The model dimer configuration of POPT-perp is predicted to
have the highest CT state energy followed by the P3HT and then the POPT-unconstrained
configurations.
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Figure 4.12. (a) CT-state energies for the D/A systems illustrated in (b), estimated at the C-DFT B3LYP/6-31G(d,p)
level. (b) Physical representation of dimers of POPT and P3HT with a single repeat unit of CNPPV, both
superimposed and side-by-side.
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4.2.5 Probing the Charge-Transfer (CT) State

To verify our calculations of the CT state energies in these D/A systems, we used
spectroscopic techniques to experimentally observe their CT states. Sensitive photocurrent
measurement, via Fourier transform photocurrent spectroscopy (FTPS),%® can extract the weak
sub-bandgap external quantum efficiency, and photothermal deflection spectroscopy (PDS) can
detect sub-bandgap absorption. These tools have previously been used to investigate charge-
transfer states.”**® A recent FTPS study suggests that the CT state is efficiently split into free
charge carriers at room temperature in P3HT:PCBM and MDMO-PPV:PCBM devices.*®
Spectral evidence and device studies of various D/A systems suggest that these CT states
determine the Vo of the PV cell and act as an intermediate in the generation and recombination
of free charge carriers.*®*>® Consequently, spectroscopic techniques rooted in sub-bandgap
absorption are considered a good indicator of the presence of such CT states and of the
maximum V. that can be expected with a given D/A combination.

PDS spectra were obtained by detecting the mirage effect in a transparent, inert medium
(Fluorinert®) with a probe HeNe laser beam. Non-radiative heating associated with absorption of
a monochromatic pump beam causes the mirage effect to occur. PDS was used in this
investigation to support our hypothesis that molecular orientation of the phenyl groups affects
the CT state energy. PDS measurements were performed on drop cast and spun cast films of
POPT and P3HT blended with CNPPV. Bilayer films do not provide enough interfacial surface
area to produce good signal-to-noise ratios; in addition, the molecular level interface is not
expected to change upon going from the bilayer to BHJ morphology, vide infra. Figure 4.13
shows the PDS spectra of the homopolymers and the polymer blends under investigation; spectra
are scaled to absolute values of absorption coefficient by matching the signal near the absorption
edge to that from UV-vis spectra of the same films.
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Figure 4.13. PDS spectra of P3HT, POPT and blends with CN-PPV. Thick solid lines are UV-vis absorption spectra
of the homo-polymers, symbols are the PDS absorption spectra of drop cast films. P3HT:CNPPV peak maximum at
1.26 eV, while POPT:CNPPV possesses two peaks at 1.17 and 1.50 eV.
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Blends of both P3HT and POPT with CNPPV produce non-additive absorptions that are
attributed to the presence of CT states at the D/A interfaces. For P3HT:CNPPV (1:1 wt/wt), a CT
state absorption is present at 1.26 eV. For POPT, however, there are two sub-bandgap peaks
attributed to CT states, one at 1.17 eV and one at 1.50 eV — indicating two distinct interfacial
configurations. These peak maxima are extracted by fitting an exponential for the band edge and
Gaussian curves for the CT peaks in the sub-bandgap regions. The results of the calculations
presented in Figure 4.12a are qualitatively consistent with the observed PDS absorption peaks:
the P3HT:CNPPV blend has a CT state energy that resides between the two POPT:CNPPV CT
state energies. (We note that, in addition to the intrinsic limitations of the methodologies, the
difference in energy between theory and experiment may due in part to the fact that the extent of
delocalization of the CT state could be larger than what was considered in the calculations). To
verify that the energies of these CT states remain unchanged with film morphology and film
thickness, drop cast and spun cast POPT:CNPPV (1:1) films were compared and there was
minimal difference.

PDS measurements were also performed to probe the CT state energies of the PQT-based
polymers blended with CNPPV. The PQT-DD:CNPPV (1:1 wt/wt) shows little non-additive sub-
bandgap absorption, while PQT-OP presents two sub-bandgap absorption peaks at 1.25 eV and
1.56 eV. The higher energy CT state peak is significantly less intense for PQT-OP compared
with POPT (Figure 4.14); the reason for this is discussed below.
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Figure 4.14 PDS spectra of PQT, and POPOP and blends with CN-PPV.

4.3 Discussion

A thermodynamic driving force for charge generation, i.e., exciton dissociation leading to
charge separation, is present at the interface between the donor/acceptor (D/A) materials in an
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OPV active layer. Photon absorption by either the donor or acceptor material produces the
opportunity for charge-carrier generation. In the case of donor excitation, the system decreases in
potential energy from the singlet excited state (Es) by transferring an electron from donor to
acceptor; in the case of acceptor excitation, by transferring a hole from acceptor to donor. For
simplicity, the process is generally discussed from the viewpoint of an excited donor material. A
general diagram depicting charge separation is presented in Figure 4.15.
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Figure 4.15. A diagram of possible electron flow pathways at the D/A interface, relative to potential energy
(adapted from Ref. 18). CT state energies (ground state solid black, excited state dashed black) are shown in
relation to the D/A singlet excited state (S;), triplet state (T,) and ground state (Sy). Competing energetic pathways
and rates are also depicted: vibrational relaxation of the CT state (kyr), intersystem crossing of the CT state to the
donor triplet state (k,c), recombination of the CT state to the ground state (krec), and finally charge separation (Kcs).
Both the thermodynamics and the kinetics of these processes affect the charge separation behavior.

Although a thermodynamic driving force helps to generate free charge, the immediate
physical separation of the electron and hole does not necessarily lead directly to free charges.
The low dielectric constant of the active layer can produce a Coulomb trap for a partially
separated exciton at the D/A interface. This state is usually referred to as a charge-transfer (CT)
state. The CT state may either recombine to the initial ground states of the donor and acceptor
materials, or it may undergo further separation into free charges. It is broadly debated whether an
intermediate CT state is requisite to charge separation*®**® and it is more recently debated
whether this separation/generation can occur from lowest-lying CT; states.® The current
understanding is that partial exciton dissociation can create either an excited CT state (CT*),
which is most likely to escape the Coulomb trap, or a ground state CT state (CT4).””’

In addition to thermodynamics, we cannot ignore the important Kinetic considerations of
this process. Since excited CT* states that may relax down to CT,, two rates are of critical
importance: the rate of charge separation (kcs) and the rate of vibrational relaxation of an excited
CT state down to CTy (kvr) (Figure 4.15). If kcs > kyr, then the electron is expected to readily
escape the Coulomb potential and proceed to the charge separated (CS) state. If kyr > Kcs, then
relaxation to the CT; state leads to a more tightly bound (lower energy) intermediate. The
electron can still escape from the relaxed CT; state,”® however, other processes start to compete
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with charge separation. For instance, if either the donor or acceptor material possesses a triplet
level (T,) below the CT state, intersystem crossing leads to long-lived metastable triplets. Also,
the CT, state for some systems can radiatively or vibrationally decay to the ground state So
(Krec). 2™ For these reasons, the kinetics of charge separation must be considered when parsing
the charge-generation process.

In this work, OPV devices comparing POPT to P3HT and PQT-OP to PQT-DD were
fabricated and analyzed. POPT and PQT-OP possess phenyl groups covalently bound to the
polymer backbone as part of the solubilizing substituents. This functionality decreases the
thermodynamic driving force for charge separation, but both POPT and PQT-OP surprisingly
produced remarkably higher Js relative to their alkyl analogs P3HT and PQT-DD. All relevant
PV characteristics are summarized in Tables 4.2 and 4.3. Further, X-ray scattering data
evidenced that the pendant phenyl rings on POPT and PQT-OP can adopt planar-with- and
perpendicular-to-the-backbone conformations. CT state energies for model dimer configurations
were calculated and are plotted in Figure 4.12a. POPT-perp is predicted to have the highest CT
state energy, while the CT state energy for P3HT lies between those of the POPT-perp and
POPT-unconstrained conformations. Finally, spectroscopic evidence of charge-transfer states at
the interface with the acceptor CNPPV, gathered via PDS for all four donor polymers, is
consistent with the relative values predicted by the model dimer calculations.

Due to the out-of-plane twist of the phenyl rings, the separation distance between POPT
and the acceptor molecule at the D/A interface likely increases as steric repulsion from the
phenyl ring hinders backbone-backbone interaction. PDS data confirms the presence of two
distinct features in the sub-bandgap regime, which is likely a direct result of these two dominant
phenyl ring conformations at the D/A interface. Since these conformationally dependent states
are both involved as intermediates in the charge-generation process, the corresponding electron-
hole pairs must overcome different energetic barriers to split into free charges. We postulate that
the twisted phenyl ring conformation of POPT (POPT-perp) is beneficial for charge generation,
as an intermediate with increased potential energy is more likely to fully separate into free
charges (Figure 4.16).

This study also generated two additional significant and supportive findings. PDI-based
acceptors have garnered much attention as alternative n-type materials to replace fullerenes;’
here, we produce the highest efficiency devices with this acceptor to date, despite tremendous
efforts with alternative approaches towards higher efficiency.>?* This is another indication that
control over the interfacial geometry at the molecular level can lead to much improved device
performance, as a complementary tool to morphology and energy level control. Additionally, the
device performance with the high mobility n-type polymer N2200 demonstrates that POPT
outperforms P3HT both in our labs and compared to two very recent reports.***

Combining all the data, analysis, and literature context, we propose a general design
principle for improving charge separation in non-fullerene OPVs: tuning the D/A interfacial
interaction through steric control can facilitate photocurrent generation. Regardless of whether
charge separation happens from a relaxed CT; state or an excited CT state, increasing the steric
bulk at the D/A interface decreases the Coulomb binding strength exerted on the geminate pair.
We postulate that the phenyl ring pendant to POPT and PQT-OP provides an almost ideal
interaction distance between the charge carrying components of the D/A interface, and this leads
to two of the best non-fullerene OPV devices reported to date. The higher energy of the
intermediate CT state, with a lower activation barrier to free carrier generation, improves
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photocurrent generation and provides the key to the observed phenomenon (Figure 4.16). This
effect was not limited to one donor polymer or one acceptor material, but rather it was general
for two donors and four acceptors — four polymers and two small molecules. All of these
material combinations vyielded devices with the phenyl containing polymer producing
substantially greater Js;, and overall power conversion efficiency, than their alkyl analogs.
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Figure 4.16. (a) Schematic of how steric interactions can lead to an increase in backbone spacing, a decrease in the
Coulomb binding force and destabilization of the CT state. (b) The phenomenon depicted in (a) leads to a different
energy landscape with increased charge separation probability in POPT, as the CT state is considered an
intermediate trapped in an energetic well.

4.4 Conclusion

We have utilized computational modeling, PDS spectroscopy, and tailored synthetic
design in order to probe the importance of steric interactions at the donor/acceptor interface in
non-fullerene OPV devices. By introducing the octylphenyl substituent onto the investigated
polymer backbones, the charge-transfer state of the D/A system can be raised in energy. This
decreases the energetic barrier to charge separation and results in increased photocurrent
generation. The design principle was shown to be general across two polythiophene backbones
and with four different acceptors — two polymeric and two small molecules. The lower energy
PDS onset for POPT based devices with CNPPV (1.17 eV) vs the onset for PQT-OP with
CNPPV (1.26 eV) is reflected in the V. of these devices. The combined data from POPT and
PQT-OP devices and their materials analyses suggest that controlling the steric interaction at the
D/A interface could be a general design principle toward improving charge generation in non-
fullerene OPVs.
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4.5 Experimental

4.5.1 Synthetic Details

All reagents from commercial sources were used without further purification, unless
otherwise noted. All reactions were performed under dry N», unless otherwise noted. All dry
reactions were performed with glassware that was oven dried and then flamed under high-
vacuum and backfilled with Nj. All extracts were dried over powdered magnesium sulfate
(MgS04) and solvents removed by rotary evaporation under reduced pressure. Toluene and
tetrahydrofuran (THF) were purified and dried by passing through two columns of neutral
alumina under nitrogen prior to use. All solvents used in Pd-catalyzed cross-coupling reactions
were degassed prior to use. Flash chromatography was performed using Silicycle SiliaFlash ®
P60 (particle size 40-63 pum, 230-400 mesh) silica gel. CN-PPV was purchased from H. W.
Sands Corp. and used without further purification. The molecular weight was M, = 16 kDa with
a PDI of 4.5.

All compounds were characterized by 'H NMR (400 MHz) and "*C NMR (100 MHz) on
a Bruker AVB 400 or AVQ 400. High-resolution mass spectra and elemental analysis (CHNS)
was performed at the University of California, Berkeley Department of chemistry analytical
services. Polymer '"H NMRs (500 MHz) were obtained on Bruker DRX 500. "*C spectra were
measured with a proton-decoupling pulse program. For polymer molecular weight determination,
P3HT and POPT samples were dissolved in HPLC grade dichlorobenzene at a concentration of 1
mg/ml, briefly heated and then allowed to return to room temperature prior to filtering through a
0.2 um PVDF filter. SEC was performed using HPLC grade dichlorobenzene at a flow rate of 0.8
puL/min on two 300 x 8 mm linear S SDV, 5 pm columns at 70 °C using a Waters 2690
separation module and a Waters 486 Tunable Absorption Detector monitored at 350 nm. The
instrument was calibrated vs. polystyrene standards (1,050 — 135,000 g/mol) and data was
analyzed using Millenium 3.2 software. For PQT-DD and PQT-OP, solutions (I mg/mL) were
prepared using HPLC grade tethrahydrofuran (THF). Samples were briefly heated and then
allowed to return to room temperature prior to filtering through a 0.45 um PVDF filter. SEC was
performed with HPLC grade THF eluent at 1.0 mL/min by using three PLgel columns (7.5 x 300
mm) with pore sizes of 10°, 10°, and 500 A, respectively. The particle size in columns was 5 um
and the columns were thermostated at 35 °C. The SEC system consisted of a Waters 510 pump,
a Waters 717 autosampler, a Waters 486 UV-Vis detector, and a Wyatt Optilab DSP differential
refractive index detector.

Scheme 4.1.
nOctyl nOctyl nOctyl
B(OH), nOctyl  pg.(dba)s, X-Phos
U K3PO4 NBS _ = Iz, PhI(OAG),
* nBuOH THE Br cHCl,
S Br i

3-(4-nOctyl)-phenylthiophene (1) In a 250 mL 3-neck round bottom with reflux condenser, 4-
octyl-bromobenzene (TCI America, 15.00 g, 55.72 mmol), 3-thiophene boronic acid (Combi-
Blocks, 7.85 g, 61.28 mmol, 1.1 eq), and tribasic potassium phosphate (15.40 g, 2eq of boronic
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acid) were dissolved in nButanol (110 mL). This mixture was degassed with N, for 30 minutes at
which point Pdy(dba); (262 mg, 0.0025 eq) and 2-Dicyclohexylphosphino-2'4',6'-
triisopropylbiphenyl (X-Phos) (79 mg, 0.01 eq) was added in one portion and the reaction heated
to 100 °C for 12 hours. The reaction was then rotovapped to remove nBuOH and flashed through
a silica plug with hexanes and minimal chloroform (to help load the product) to remove
powdered phosphates and other impurities (a clay/dirt crude product). The crude (clear &
colorless) flashed product was then recrystallized from ethanol. 12.88 g, 85 % yield, white solid
flakes. '"H NMR (400 MHz, CDCl5): & ppm 7.53-7.50 (m, 2H), 7.42-7.36 (m, 3H), 7.22 (d, J =
8.10 Hz, 2H), 2.65-2.59 (t, 2H), 1.63 (td, J = 15.10, 7.54, 7.54 Hz, 2H), 1.38-1.23 (m, 10H),
0.91-0.86 (t, 3H). ">C (100 MHz, Acetone-ds): & 142.11, 141.66, 133.19, 128.79, 126.26, 126.06,
126.03, 119.62, 35.25,31.72, 31.41, 22.43, 13.49.

2-bromo-3-(4-octyl)-phenylthiophene (2) In a 25 mL 1 neck round bottom, 3-(4-octyl)-
phenylthiophene (1.26 g, 4.6 mmol) was dissolved in CHCI; (10 ml) and cooled to 0 °C. N-
Bromosuccinimide (NBS) (825 mg, 4.6 mmol) was added in one portion to the stirring solution.
The reaction was heated to 40 °C for 1 hour and then stirred at room temperature for an
additional hour. Usual color change was from clear to yellow back to almost clear. The resultant
pale yellow solution was diluted with Et,O and 1M NaOH added to quench any residual NBS
and Br,. The organic layer was then separated and the aqueous layer extracted with Et;O. The
crude product was then purified by silica gel chromatography (hexanes). This reaction is neither
anhydrous nor done under nitrogen. 11.5 g, 93 % vyield, colorless oil. '"H NMR (400 MHz,
Acetone-dg): & ppm 7.58 (d, J = 5.67 Hz, 1H), 7.51 (d, J = 8.13 Hz, 2H), 7.30 (d, J = 8.00 Hz,
2H), 7.14 (d, J = 5.67 Hz, 1H), 2.70-2.63 (t, 2H), 1.73-1.59 (m, 2H), 1.46-1.22 (m, 10H), 0.93-
0.84 (t, 3H). °C (100 MHz): & 143.44, 142.88, 138.92, 130.85, 128.47, 128.29, 110.18, 72.93,
35.40, 31.76, 31.34, 22.47, 13.57. HRMS calc m/z for (C;3H»3BrS) 350.0704; found 350.0701.
Anal. Calcd for CigHp4S: C, 61.53; H, 6.60; S, 9.13. Found: C, 61.76; H, 6.61; S, 9.29.

2-bromo-5-iodo-3-(4-octyl)-phenylthiophene (3) In a 1 neck flask, 2-bromo-3-(4-octyl)-
phenylthiophene (5.3 g, 15.04 mmol) was dissolved in CHCI; (1 M) and cooled to 0 °C. I, (2.10
g, 8.27 mmol, .55 eq) and PhI(OAc), (2.90 g, 9.02 mmol, .60eq) were added while stirring. The
reaction was slowly warmed to room temperature over 12 hours. The reaction was then diluted
with Et;O and saturated aqueous sodium thiosulfate was added to ensure the elimination of any
residual molecular iodine. The organic layer was separated and the crude product purified by
silica gel chromatography (hexanes). This reaction is neither dry nor done under nitrogen. 5.77 g,
80 % yield, colorless oil. '"H NMR (400 MHz, Acetone-ds): & ppm 7.49 (d, J = 8.12 Hz, 2H),
7.38 (s, 1H), 7.31 (d, J = 8.09 Hz, 2H), 2.77-2.56 (t, 2H), 1.73-1.58 (m, 2H), 1.43-1.24 (m, 10H),
0.96-0.84 (t, 3H). °C (100 MHz): & 143.44, 142.87, 138.92, 130.85, 128.47, 128.29, 110.19,
72.93, 35.42, 31.77, 31.36, 22.49, 13.59. HRMS calc m/z for (C,sH2BrIS) 475.9670; found
475.9675. Anal. Calcd for CgH»,BrIS: C, 45.30; H, 4.65; S, 6.72. Found: C, 45.59; H, 4.54; S,
6.86.

Poly(3-(4-octyl)-phenylthiophene) (POPT) A three-necked round bottom flask with reflux

condenser and stirbar was charged with monomer 3 (1.0 g, 2.1 mmol) and 50 mL dry THF. The
resulting solution was cooled to -78 °C and stirred for 20 minutes. Then 'PrMgCI (2M in THF,
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1.0 ml, 0.96 eq.) was added to the reaction mixture dropwise. After stirring at -78 °C for 10
minutes, the reaction was removed from the -78 °C bath and allowed to warm to RT over a 1
hour period. During the last 15 minutes of metal-halogen exchange, an oil bath was pre-heated to
65 °C. Then Ni(dppp)Cl, (4 mg, 0.35 mol%) was added in one portion and the reaction placed in
the preheated oil bath and stirred for 12 hours. Following the addition, the color of the reaction
mixture changed from colorless to red. The polymer was precipitated into methanol (250 mL)
from the THF reaction solution and filtered through a Soxhlet thimble. The polymer was purified
by Soxhlet extraction with methanol for 6 h, hexanes for 6 h, and chloroform for 6 h. The
polymer was then isolated by extraction with chlorobenzene, followed by concentration under a
stream of nitrogen and finally precipitation into methanol (500 mL). A typical yield of ~ 50%
was obtained for these polymerizations. NMR (500 MHz, CDCls): 6 ppm 7.19 (dd, J = 37.39,
8.03 Hz, 4H), 6.79 (s, 1H), 2.63-2.56 (t, 2H), 1.63-1.60 (m, 2H), 1.31-1.25 (m, 10H), 0.88-0.85
(t, 3H).
Scheme 4.2.

R PhCl, 80 °C
@ Pd(PhCN)ZCIZ s Pd;(dba)s, P(o-tol); s

S

= nOctyI

\ / N
PQT-OP

2-bromo-5-(5-bromo-4-(4-n-octylphenyl)thiophen-2-yl)-3-(4-n-octylphenyl)thiophene: In a
100 mL round bottom, 2-bromo-3-(4-octyl)-phenylthiophene (1.45 g, 4.16 mmol), Pd(PhCN),Cl,
(16 mg, 1 mol. %), AgNOs (1.42 g, 8.32 mmol), and potassium fluoride (0.48 g, 8.32 mmol) and
20 mL of anhydrous DMSO were combined. This reaction was heated to 60 °C for 3 hours, and
then another two equivalents of AgNO; and KF were added. The reaction continued overnight.
In the morning, the reaction was filtered through celite with diethyl ether, and the filtrate was
washed with 1M HCI and excessive amounts of water. The diethyl ether was removed by roto-
evaporation and the crude product purified by column chromatography (100% hexanes). 800 mg
of a pure white solid were obtained (28% yield). "H NMR (400 MHz, CDCl3): & = 7.68 (d, J =
8.10 Hz, 4H), 7.47 (s, 2H) 7.46 (d, J = 8.03 Hz, 4H), 2.90-2.81 (m, 4H), 1.93-1.79 (m, 4H),
1.64-1.40 (m, 20H), 1.10 (t, J = 6.75, 6.75 Hz, 3H). ">C (100 MHz, CDCl3): & = 142.89, 142.09,
136.13, 131.82, 128.48, 128.36, 125.52, 107.37, 35.77, 31.89, 31.37, 29.48, 29.39, 29.26, 22.67,
14.11
poly(3,3-di(4-n-octyl)phenylquaterthiophene) (PQT-OP): In a 50 mL 3-neck round bottom
flask, (1) and 2-(trimethylstannyl)-5-(5-(trimethylstannyl)thiophen-2-yl)thiophene  were
combined and dissolved in 15 mL of PhCI. This solution was degassed by bubbling with nitrogen
for 10 minutes, and then Pd,(dba)3 (11.53 mg, 3 mol. %) and P(o-tol); (15.33 mg, 12 mol. %)
were added in one shot (together). The mixture was stirred for 36 hours, at which point a
strongly complexing ligand (N,N-Diethylphenylazothioformamide, CAS# 39484-81-6) was then
stirred with the polymer to remove any residual catalyst before being precipitated into methanol
(200 mL). The precipitate was filtered through a Soxhlet thimble and purified via Soxhlet
extraction for 12 h with methanol, 1 h with hexanes, chloroform until the eluent went clear, and
finally extracted with PhCl. The PhCl solution was then passed through a plug of silica, neutral
alumina, and celite (1:1:1), with excess CHCl;s and then concentrated by evaporation and
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precipitated into methanol (200 mL). A significant quantity of polymer was lost in the
chromatography step because of poor solubility. Pure PQT-OP was filtered off as a dark solid
(90 mg). SEC analysis: M, =29.3 kDa, PDI = 1.54

The synthesis of poly(3,3-didodecylquaterthiophene) PQT-DD has been reported
previously — Macromolecules, 2007, 40 (21), pp 7425-7428

4.5.2 Optical, Electronic, and Thin Film Characterization

Cyclic voltammograms were collected using a Solartron 1285 potentiostat under the
control of CorrWare II software. A standard three electrode cell based on a Pt button working
electrode, a silver wire pseudo reference electrode (calibrated vs. Fc/Fc'), and a Pt wire counter
electrode was purged with nitrogen and maintained under a nitrogen atmosphere during all
measurements. Acetonitrile was distilled over CaH, prior to use and tetrabutyl ammonium
hexafluorophosphate (0.1 M) was used as the supporting electrolyte. Polymer films were drop
cast onto a Pt button working electrode from a 1% (w/w) chloroform solution and dried under
nitrogen prior to measurement.

UV-Visible absorption spectra were obtained using a Cary 50 Conc UV-Visible
spectrophotometer. For thin film measurements polymers were spin coated onto cleaned glass
slides from chlorobenzene solution (10 mg/ml). A model P6700 Spincoater was used to spin coat
the films at 1200 RPM for 60 s. Polymer film thickness was measured by a Veeco Dektak
profilometer.

Atomic force microscopy (AFM) was performed using a Veeco (Digital Instruments)
Multimode microscope with a Nanoscope V controller. Imaging was performed in semi-contact
(tapping) mode using Veeco RTESP tips.

Thin-film transistors were fabricated on 300 nm SiO, dielectric substrates on heavily
doped silicon. Bottom contact source-drain electrodes (Cr = 5 nm, Au = 100 nm) were fabricated
by conventional photolithography using a transparency photomask. Channel lengths of 10 and 20
pum and channel widths of 100 and 200 um were used for discrete transistors. The active
semiconducting layer was applied by spin-casting 5-10 mg/mL solutions in anhydrous
chlorobenzene at 2000 rpm. The films were then vacuum-dried overnight and measurements
were carried out in ambient conditions using an Agilent 4156C Precision Semiconductor
Parameter Analyzer.

Polymer mobility was measured using a diode configuration of ITO/ PEDOT:PSS/
Polymer/Al in the space charge limited current (SCLC) regime. At sufficient potential the

conduction of charges in the device can be described by
2

9
Jsac =g kT (1)

where &, is the permittivity of free space, ¢ is the dielectric constant of the polymer, p is the
mobility of the majority charge carriers, V is the potential across the device (V = Vgpplica — Vi -
V;), and L is the polymer layer thickness. The series and contact resistance of the device (~15 Q)
was measured using a blank device (ITO/PEDOT/ALI) and the voltage drop due to this resistance
(V) was subtracted from the applied voltage. The built-in voltage (Vy;), which is based on the
relative work function difference of the two electrodes, was also subtracted from the applied
voltage. The built-in voltage can be determined from the transition between the Ohmic region
and the SCLC region and was found to be about 1 V.
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Grazing-incidence x-ray scattering (GIXS) experiments were conducted at the Stanford
Synchotron Radiation Laboratory on beamline 11-3 and 7-2. Samples were irradiated at a fixed
incident angle on the order of 0.1° and their GIXS patterns were recorded with a 2-D image
detector (MAR345 image plate detector). GIXS patterns were recorded with an X-ray energy of
12.7 keV (.= 0.975 A). To maximize the intensity from the sample, the incident angle (~0.1° —
0.12°) was carefully chosen such that the X-ray beam penetrated the sample completely but did
not interact with the silicon substrate. Typical exposure times were 30-600 s.

4.5.3 Photovoltaic Device Fabrication

All devices were fabricated on ITO-coated glass substrates (pre-patterned, R = 20 Q™).
The substrates were sonicated for 20 minutes in 2% Helmanex soap water and rinsed extensively
with deionized (DI) water. They were then sonicated for 20 minutes in DI water, 20 minutes in
acetone, and 20 minutes in isopropyl alcohol, followed by drying under a stream of Nitrogen.
The substrates were then UV-ozone cleaned for 5 minutes. A thin layer (30-40 nm) of
PEDOT:PSS (Clevios PH) was spin-coated onto each substrate at 4000 RPM for 40 s, followed
by 10 minutes of drying at 140°C in air. The samples were then transferred to a Nitrogen
glovebox, where the active layers were spin-coated at 1200 RPM for 40 s followed by 2000
RPM for 1 s. The metal cathode was thermally evaporated under vacuum (~107 torr) through a
shadow mask that defines an active area of ~0.03 cm”. Some of the devices were then thermally
annealed by placing the substrates directly on a hot plate. Testing of the devices was performed
under a Nitrogen atmosphere with an Oriel Xenon arc lamp having an AM 1.5G solar filter to
yield 100 mW cm™ light intensity as calibrated by an NREL certified silicon photocell. During
optimization of devices, solution concentrations, solvent choice, donor-acceptor ratios and
annealing conditions were varied systematically to obtain the optimized processing and
fabrication conditions, and the experiments were repeated multiple times to ensure data
reproducibility.

POPT/CNPPV | PCEax = 2%

Bilayer device

POPT 10 mg/ml chlorobenzene
CNPPV 8 mg/ml THF

Annealing 2 hrat 110°C

Cathode LiF (1 nm) / Al (100 nm)
P3HT/CNPPV | PCEmax = 0.93%

Bilayer device

P3HT 10 mg/ml chlorobenzene
CNPPV 8 mg/ml THF

Annealing 100 min at 110°C
Cathode LiF (1 nm) / Al (100 nm)
POPT:EV-BT | PCEmex = 1.4%

BHJ device

POPT:EV-BT | 1:1
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Blend concentration

20 mg/ml chlorobenzene

Annealing 100 min at 80°C

Cathode LiF (1 nm) / Al (100 nm)
P3HT:EV-BT | PCEqmax = 1.1%

BHJ device

P3HT:EV-BT 1:1

Blend concentration | 20 mg/ml chlorobenzene
Annealing 100 min at 80°C

Cathode LiF (1 nm)/ Al (100 nm)
POPT/N2200 | PCEmax = 0.61%

Bilayer device

POPT 7.5 mg/ml chlorobenzene
N2200 7.5 mg/ml THF
Annealing No

Cathode Al

P3HT/N2200 | PCEmax = 0.17%

Bilayer device

P3HT 7.5 mg/ml chlorobenzene
N2200 7.5 mg/ml THF
Annealing 1 hrat 110°C

Cathode Al

POPT:PDI | PCEmax = 0.51%

BHJ device

POPT:PDI 1:2

Blend concentration | 25 mg/ml in dichlorobenzene
Annealing No

Cathode Al

P3HT:PDI | PCEmax = 0.39%

BHJ device

See Ref 29 for detailed fabrication procedure.

Bilayer device

PQT-DD 5 mg/mL in chlorobenzene
CNPPV 8 mg/mL in ethyl acetate
Annealing 10 minutes at 110 °C
Cathode LiF (1 nm) / Al (100 nm)
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PQT-DD/CNPPV | PCEpax = 0.62%

Bilayer device

PQT-DD 7 mg/mL in chlorobenzene
CNPPV 8 mg/mL in ethyl acetate
Annealing No

Cathode LiF (1 nm) / Al (100 nm)

Bilayer device

PQT-OP 5 mg/mL in chlorobenzene
EV-BT 7 mg/mL in THF
Annealing 140 minutes at 80 °C
Cathode LiF (1 nm) / Al (100 nm)

PQT-DD/EV-BT | PCEmax = 0.62%

Bilayer device

PQT-DD 12 mg/mL in chlorobenzene
EV-BT 4 mg/mL in THF

Annealing 10 minutes at 110 °C
Cathode LiF (1 nm) / Al (100 nm)
PQT-OP:PDI | PCEax = 0.88%

BHJ device

PQT-OP:PDI 1:2

Blend concentration | 24 mg/mL in chlorobenzene
Annealing 10 minutes at 110 °C
Cathode LiF (1 nm) / Al (100 nm)
PQT-DD:PDI | PCEax = 0.49%

BHJ device

PQT-OP:PDI 1:2

Blend concentration | 20 mg/mL in chlorobenzene
Annealing No

Cathode LiF (1 nm) / Al (100 nm)
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Chapter 5

Incorporation of Furan into Low Band Gap Polymers for Efficient
Solar Cells®

Abstract

The design, synthesis, and characterization of the first examples of furan-containing low band
gap polymers (PDPP2FT and PDPP3F) with substantial power conversion efficiencies in organic
solar cells is reported. Substituting thiophene units with furans in the conjugated backbone does
not compromise the optical and electronic properties of these low band gap polymers. In
addition, inserting furan moieties in the backbone enables the use of less bulky solubilizing side-
chains due to the significant contribution of the furan rings to overall polymer solubility in
common organic solvents. Bulk heterojunction solar cells fabricated from furan containing
polymers and PC7;BM as the acceptor show high power conversion efficiencies over 6%.

3 Reproduced in part with permission from Woo, C. H.; Beaujuge, P.M.; Holcombe, T. W.; Lee, O. P.; ,J. M.
J. Journal of the American Chemical Society 2010, 132, 15547-15549. Copyright 2010 American Chemical Society.
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5.1 Introduction

In the past decade, the field of OPVs has focused much attention on polythiophenes,
particularly P3HT, because of their early success in solar cell performance.'” However, the
maximum achievable efficiency of P3HT-based solar cells is limited to 5% due to its non-
optimal band gap and energy levels.” To overcome this limitation, recent research efforts have
focused on the development of low band gap donor polymers that have broad absorption spectra
and have the potential to out-perform P3HT.*® The search for new building blocks for
semiconducting polymers continues as we gain mechanistic understandings and establish design
rules relevant to organic electronic applications.””® For example, the ideal polymer should (i)
have sufficient energy level offsets with fullerenes for efficient charge separation while
maximizing the open circuit voltage,™ (ii) display an absorption spectrum extending across the
visible spectrum and into the near-IR, and (iii) maintain high extinction coefficients over this
spectral range.” At the same time, it has become increasingly apparent that a balance among the
competing effects of solution processability, miscibility with the fullerene component, and solid
state packing needs to be established.'”"? Both the chemical structure of the backbone repeat
units and the choice of the solubilizing side-chains critically impact the above-mentioned
criteria.'>!* For example, while the use of longer and bulkier alkyl substituents improves
solubility, it also increases lamellar and n-stacking distances, hindering intermolecular ordering,
and affecting the transport of charge carriers across the polymer stacks.'*'>'® In this regard,
strategies to reduce the length, bulkiness, and density of solubilizing side-chains along the
conjugated polymer backbone are well worth exploring.

A survey of state-of-the-art BHJ solar cells reveals that most high performance polymers
reported so far rely on thiophene or thiophene-based heterocycles.”'23 While thiophene-based
conjugated materials have attracted much attention in the area of organic electronics, only a
limited number of studies have examined furan-containing materials potentially useful for device
applications.”*® Recently, furans have been used as an alternative to thiophenes in organic dyes
for dye-sensitized solar cells and have shown very similar optical and electronic properties.””**
Furan-based heterocycles have also been introduced as peripheral substituents in one of the
highest performing small molecule photovoltaics.”” The sparsity of studies examining polymer
backbones containing furans in this field is surprising given that furans exhibit similar energy
levels and a comparable degree of aromaticity relative to their thiophene counterparts.>**’
Importantly, furan derivatives can be synthesized from a variety of natural products, hence they
fall into the category of renewable and sustainable synthetic resources.

5.2 Results and Discussion

We demonstrate that furan heterocycles can be advantageously incorporated into
conjugated polymer backbones without hindering their photovoltaic device performance. In
addition, we show that furans can be employed to dramatically reduce the amount of aliphatic
side-chain material necessary to solubilize polymer backbones that otherwise require the
presence of long and bulky substituents. This concept is exemplified by the synthesis and
characterization of two furan-containing semiconducting polymers: PDPP2FT and PDPP3F
(Figure 5.1a). These polymers contain a diketopyrrolopyrrole (DPP) unit**'* and are
structurally analogous to the low band gap polymer PDPP3T previously reported by Janssen et
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al.**. Importantly, these furan-containing derivatives were synthesized with 2-ethylhexyl
substituents as well as linear alkyl substituents whereas PDPP3T (as initially reported’*) was
appended with large and bulky 2-hexyldecyl solubilizing groups.

5.2.1 Polymer Characterization
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0.8 £ 0.00 .

- ()] ' '
3 5 .0.04 P
;0-6‘ o N
£0.4- T L
2 jé 0.02 PDPP3F ‘Ej\’

0.2 € 0.00 =
0.0 % -0.02 w
L , , & AT S N
400 600 800 1000 15 10 -05 00 05
b) Wavelength (nm) c) Potential vs. Fc/Fc* (V)

Figure 5.1. a) Synthetic scheme and polymeric structures used in this study (polymerization protocol: Pd,dbas, P(o-
tol)s, chlorobenzene, 110°C, 24h). b) Thin film absorption spectra and c¢) cyclic voltammograms of PDPP2FT and
PDPP3F.

While exploring the use of furans as alternatives to thiophenes in low band gap
conjugated polymers containing DPP, we found that soluble high molecular weight PDPP2FT
could be readily obtained (M, = 66 kDa). The use of 2-ethylhexyl substituents was sufficient to
impart PDPP2FT with appropriate solubility in common organic solvents (e.g. tetrahydrofuran,
chloroform, chlorobenzene) for device fabrication. In contrast, the all-furan derivative PDPP3F
synthesized using the same polymerization protocol (M, = 29 kDa, see SI) was found to possess
slightly reduced solubility in the same organic solvents. While the improved solubility of
oligofurans over oligothiophenes has been reported,” it appears that the ratio of furan to
thiophene in mixed oligomers also impacts solubility.’**” As a control experiment, we attempted
to synthesize the 2-ethylhexyl substituted derivative of the all-thiophene PDPP3T following the
same polymerization procedure as that used for PDPP2FT and PDPP3T. However, the
polymerization yielded only low molecular weight fractions minimally soluble in all common
organic solvents (M, = 2 kDa).
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The onset of optical absorption of PDPP2FT in thin film was measured to be 880 nm (E,
= 1.41 eV) while the Ay.x Was observed at 789 nm (See Figure 5.1b), which is comparable to the
optical properties of PDPP3T reported earlier by Janssen et al. (E; = 1.3 eV)**. PDPP3F also
possesses similar optical properties with E, = 1.35 eV and Ay at 767 nm. Figure 1c shows the
cyclic voltammograms of the two polymers. The onsets of oxidation and reduction of PDPP2FT
were observed at +0.28 and -1.34 V vs. Fc/Fc', corresponding to HOMO and LUMO levels at -
5.4 eV and -3.8 eV vs. vacuum. For PDPP3F, the onsets were observed at +0.35 and -1.34 V,
corresponding to HOMO and LUMO levels at -5.5 and -3.8 eV. These values are comparable to
those obtained for the low molecular weight all-thiophene analog PDPP3T (Figure 5.2). These
results confirm that substituting furans for thiophenes in the polymer backbone do not
significantly affect the optical and electronic properties of the polymer.
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Figure 5.2. Cyclic voltammogram of PDPP3T. The onsets of oxidation and reduction were estimated to be 0.19 V
and -1.39 V, corresponding to HOMO and LUMO levels of 5.3 eV and 3.7 eV respectively.

5.2.2 Solar Cell Performance

Solar cells were fabricated using PDPP2FT as the electron donor and [6,6]-phenyl-Cg;-
butyric acid methyl ester (PCs;BM) as the electron acceptor with the device structure ITO/
PEDOT:PSS/polymer:PCBM/LiF/Al. The active layers were spin-coated from chlorobenzene,
and, in some cases, a small amount of the high boiling point additive 1-chloronaphthalene (CN)
was added to optimize blend morphology for enhanced device performance. The J-V curves and
external quantum efficiency (EQE) spectra of PDPP2FT:PC¢BM devices are shown in Figure
5.3. Without any post-fabrication treatment, the PDPP2FT:PC¢BM device spin-coated from
pure chlorobenzene afforded 3.4% PCE under AM 1.5G, 100 mW cm™ illumination. The use of
chlorobenzene containing 1 vol% CN for spin-coating led to a slight improvement to 3.7% PCE,
mostly through an increase in the photocurrent. The best device was obtained from a blend of
PDPP2FT:PCs;BM 1n a 1:3 weight ratio and gave a PCE of 3.8%, with an open circuit voltage
(V,e) of 0.76 V, a short-circuit current density (Ji.) of 9.0 mA c¢m™, and a fill factor (FF) of 55%.
Table 5.1 shows the parameters of the average and best devices fabricated from PDPP2FT and
PCs;BM blend. The EQE showed a sharp onset at the optical band gap of the polymer and
reached a maximum value of 33%.
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Table 5.1 Device parameters of PDPP2FT:PC¢;BM BHJ devices shown in Figure 5.3.

1:3 PDPP2FT:PC¢,BM Voo Ji. (MA cm?) FF PCE (%)
No additive 0.76 7.8 0.57 3.4 (3.6)
1 vol% CN 0.76 8.9 0.54 3.7 (3.8)
2 0.4
—=— No additive
0 +—1%CN -
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Figure 5.3. J-V curves and EQE spectra of optimized 1:3 PDPP2FT:PC¢BM BHIJ devices fabricated without
additive and with 1 vol% CN.

To increase the breadth of the photoactive spectrum and the overall photocurrent, we
fabricated solar cells with the more light-absorbing fullerene derivative PC7;;BM. Figure 5.4
shows the J-V curves and the EQE spectra of optimized devices fabricated from blends of
PDPP2FT:PC7,BM at a 1:3 weight ratio in chlorobenzene. Interestingly, without any additive,
the PC;;BM devices performed poorly with an average PCE of only 0.86%. However, with the
addition of high boiling additive CN to the blend solution, device performance improved by
more than fivefold with much higher J;. and an average PCE of 4.7% (Table 5.2). The best
device was obtained with the addition of 9% CN by volume relative to chlorobenzene, and it
achieved a V,. of 0.74 V, a J,. of 11.2 mA cm'z, a FF of 60%, and a PCE of 5.0%, a result
comparable to that obtained by Janssen et al. with PDPP3T**. The J,. value calculated from the
integration of the EQE spectrum of the best device is 11.4 mA cm™, which closely matches the
Jsc value obtained from the J-J measurement under white light illumination.

Table 5.2 Device parameters of PDPP2FT:PC,,BM BHJ devices shown in Figure 5.4.

1:3 PDPP2FT:PC;BM Vo Jee (MA cm?) FF PCE (%)
No additive 0.73 2.63 0.45 0.86 (0.96)
9 vol% CN 0.75 10.7 0.59 4.7 (5.0)
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Figure 5.4. a) J-V curves of optimized PDPP2FT:PC; BM devices spin-coated out of chlorobenzene (with no
additive and with 9 vol% CN). b) External quantum efficiency spectra of optimized devices.

The all-furan PDPP3T derivative also showed promising OPV performance. For BHJ
devices containing PDPP3F, chloroform was found to be a better solvent. Figure 5.5 and Table
5.3 summarize the results of solar cells containing PDPP3F blended with fullerene derivatives as
the acceptor. Here again, the effect of adding a small amount of CN to the blend solution prior to
spin coating is dramatic. With no additive, PDPP3F:PC¢ BM solar cells achieved a low average
PCE of 0.41%, whereas devices with 5 vol% CN show a much higher efficiency of 3% (max
3.4%). Similarly, the average efficiency of PDPP3F:PC7;BM devices was 0.36% with no
additive but improved to 3.8% (max 4.1%) with 5 vol% CN. The high fill factors of these
devices suggest that the furan polymers have a high charge carrier mobility and the optimized
devices contain a favorable morphology containing interpenetrating pathways for efficient
charge extraction. Overall, these device results strongly support the potential of furan-based
polymeric materials in OPVs.

Table 5.3 Device parameters of PDPP3F solar cells shown in Figure 5.5.

Vo Jsc (MA cm™) FF PCE (%)
1:3 PDPP3F:PC¢;BM
No additive 0.73 1.2 0.45 0.41 (0.47)
5 vol% CN 0.74 6.8 0.58 3.0 (3.4)
1:3 PDPP3F:PC7;BM
No additive 0.73 0.93 0.53 0.36 (0.41)
5 vol% CN 0.73 9.1 0.58 3.8 (4.1)
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Figure 5.5. J-V curves of optimized 1:3 PDPP3F:PC4,BM (left) and 1:3 PDPP3F:PC;BM (right) fabricated without
additive and with 5 vol% CN.

To further investigate the potential of furan-containing low band gap polymers in OPVs,
we optimized the structure of the solubilizing side chains on PDPP2FT. This is important
because the choice of the solubilizing side group not only affects the solution processibility of
the polymer, but also its miscibility with the fullerene acceptor and its solid state packing. In
addition to the 2-ethylhexyl (EH) side chain, we explored the option of using a linear alkyl chain
as well as a larger branched unit. A PDPP2FT derivative with a linear tetradecyl (C14) chain was
synthesized. The long C14 chain was necessary to impart sufficient solubility to the polymer for
device fabrication. We also explored a derivative with a 2-butyloctyl (BO) side group. Both
polymers were synthesized using the same procedure as that of the original EH derivative. Figure

5.6 shows the structure of all three polymers.
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Figure 5.6. The molecular structure and optimized photovoltaic device performance of three PDPP2FT derivatives
with different solubilizing side chains (C14 = tetradecyyl, EH = 2-ethylhexyl, BO = 2-butyloctyl).
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Table 5.4 Device parameters of PDPP2FT:PC,BM BHJ devices shown in Figure 5.6.

1:3 PDPP2FT:PC;1BM Voc Jsc (MA cm™) FF PCE (%)
Tetradecyl (C14) 0.65 14.8 0.64 6.2
2-ethylhexyl (EH) 0.75 10.7 0.59 4.7
2-butyloctyl (BO) 0.74 1.7 0.67 0.84

Figure 5.6 and Table 5.4 summarize the solar cell performance of the three PDPP2FT
derivatives. The devices were independently optimized, and the best devices were achieved by
using a small amount of CN additive during spin coating. Clearly, the choice of the solubilizing
group significantly affects device performance. The C14 polymer generated 6% solar cells with a
high J of 13.6 mA cm™. The use of a linear chain allows tighter n-n stacking between polymer
chains in the solid state and leads to better charge transport compared to the branched EH
derivative. In contrast, the BO polymer displayed worse device performance with a low
efficiency of only 0.84%. In this case, the more branched BO side group probably inhibits the
extent of m-n stacking in the polymer and results in reduced device performance compared to
both the EH and the C14 derivative.

5.2.3 Effect of Additives

In most of the devices shown here, adding a small amount of CN additive improves
overall device efficiency. The dramatic difference in device performance with and without the
CN additive is most likely due to the optimization of blend morphology. Figure 5.7 compares the
atomic force microscopy (AFM) images of blend films of PDPP2FT(EH):PC;BM at the
optimized ratio. The blend without additive exhibits coarse phase separation between the
polymer and PC7;BM with large micron-sized domains. In contrast, the addition of CN led to
much finer phase separation between the two materials and the formation of fiber-like
interpenetrating morphologies at the length scale of ~ 20 nm, which is close to the ideal domain
size assuming an exciton diffusion length of 5-10 nm.>**" The thin film absorption of PDPP2FT
also redshifts and displays more distinct vibronic structures when CN is added to the solution
before spin-coating (see Figure 5.8). The redshift in absorption is indicative of increased
intermolecular ordering and planarity in the polymer backbone and could be another reason for
the improved performance of devices fabricated with CN.

Figure 5.7. AFM phs images of 1:3 PDPPZFT:PC71BM blend films pin—coated (a from chlorbenzene only and
(b) from chlorobenzene + 9 vol% CN. (Inset: height images of the same films. The data scale is 0-60 nm.).
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Figure 5.8. Absorption spectra of PDPP2FT thin films as spun from pure chlorobenzene and from chlorobenzene

with 5 vol% CN added.

Figure 5.9. AFM height (left) and phase images (right) of PDPP2FT:PC¢;BM blends at 1:3 ratio by weight. a) spun
from chlorobenzene only. b) spun from chlorobenzene + 1 vol% CN.

5.3 Conclusion

Furans can be advantageously used as an alternative to thiophenes and thiophene-based
building units in the design and synthesis of low band gap conjugated polymers with efficient
solar cell performance. The polymers examined (PDPP2FT and PDPP3F) exhibit near-identical
optical and electronic properties, and demonstrate power conversion efficiencies of 4-5% in BHJ
devices with PC7,BM. The insertion of furan within the conjugated backbone allowed for shorter
solubilizing alkyl chains to be used, compared to the large and bulky solubilizing groups
required to solubilize the all-thiophene polymer PDPP3T. In particular, polymer solubility was
found to improve substantially when a combination of thiophene and furan heterocycles is
incorporated. In addition, by optimizing the choice of the solubilizing groups on the polymer, we
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were able to achieve over 6% power conversation efficiency in solar cells fabricated from a
PDPP2FT derivative with a linear C14 side chain. These results clearly demonstrate the potential
of furans as thiophene alternatives in the design of highly performing organic solar cell
materials, paving the path for the design and production of organic electronic materials from
sustainable synthetic resources.

5.4 Experimental

5.4.1 Synthetic Details

All reagents from commercial sources were used without further purification, unless
otherwise noted. Flash chromatography was performed using Silicycle SiliaFlash ® P60 (particle
size 40-63 pum, 230 — 400 mesh) silica gel. Dimethylformamide (DMF) and Tetrahydrofuran
(THF) were purchased from Fisher Scientific, and each was purified by passing it under N,
pressure through two packed columns of neutral alumina. All compounds were characterized by
"H NMR (400 MHz) and >C NMR (100 MHz) on a Bruker AVB-400 or AVQ-400 instrument.
All NMR spectra were acquired at room temperature unless otherwise noted. Data from high-
resolution mass spectrometry (HRMS) using electron impact (EI) were obtained by the UC
Berkeley mass spectrometry facility.  Matrix assisted laser desorption/ionization mass
spectrometry (MALDI-TOF MS) was performed on a PerSeptive Biosystems Voyager-DE using
2,2":5'2"-terthiophene as the matrix. Samples were prepared by diluting the monomers in
chloroform with the matrix. For polymer molecular weight determination, polymer samples were
dissolved in HPLC grade chloroform at a concentration of 1 mg/ml, briefly heated and then
allowed to return to room temperature prior to filtering through a 0.2 um PVDF filter. SEC was
performed using HPLC grade chloroform at a flow rate of 1.0 mL/min on two 300 x 8 mm linear
S SDV, 5 um columns (Polymer Standards Services, USA Inc.) at 30 °C using a Waters
(Milford, MA) separation module and a Waters 486 Tunable Absorption Detector monitored at
254 nm. The instrument was calibrated vs. polystyrene standards (580 — 96,000 Da) and data was
analyzed using Millenium 3.2 software.
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3,6-di(furan-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (2): A 500 mL three-neck round-
bottom flask connected to a condenser and dry nitrogen flow was charged with a stir bar and fer?-
amyl alcohol (250 mL). Sodium metal pieces (2.47 g, 107 mmol) were progressively added to
the warmed solution of tert-amyl alcohol (60-70 °C). After complete addition of the sodium, the
temperature was progressively raised to 120 °C. The mixture was stirred overnight at 120 °C.
Furan-2-carbonitrile (1) (10.0 g, 107 mmol) was subsequently added to the hot mixture of
sodium alkoxide. Dimethyl succinate (5.23 g, 35.8 mmol) was then added dropwise over a period

90



of 20 min (the reaction mixture turned dark orange-red), and the resulting mixture was stirred for
1.5 h. The reaction mixture was then cooled to room temperature, and the precipitated sodium
salt 2 was filtered over a Buchner funnel for collection and dried under vacuum (14.7 g, 87%
yield). Compound 2 was used without further purification.

2,5-bis(2-ethylhexyl)-3,6-di(furan-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione 3):
Compound 2 (3.36 g, 10.8 mmol) and 100 mL of dry DMF were added to a 250 mL two-neck
round-bottom flask, equipped with a condenser and stir-bar and placed under N, atmosphere.
The mixture was heated to 120 °C, stirred for 30 min, and 2-ethylhexylbromide (6.05 g, 31.3
mmol) was then added quickly (while at 120 °C). The reaction mixture was subsequently stirred
at 140 °C for ca. 6 h, and cooled to room temperature. The organic phase was extracted with
diethyl ether and washed with water. The diethyl ether was evaporated, and the resulting tacky
solid (red) was purified by column chromatography using CHCI; as eluent. 1.30 g of 3 were
isolated (25% yield). 'H NMR (400 MHz, CDCls): & (ppm) = 8.33 (d, J= 3.6 Hz, 2 H), 7.61 (d, J
=1.3 Hz, 2 H), 6.69 (dd, /= 1.7 Hz, 3.6 Hz, 2 H), 4.04 (d, /= 7.8 Hz, 4 H), 1.80 — 1.68 (m, 2 H),
1.39 — 1.26 (m, 16 H), 0.95 — 0.85 (m, 12 H). >C (100 MHz, CDCl;): & (ppm) = 161.4, 145.0,
144.8, 134.1, 120.4, 113.6, 106.6, 46.3, 40.1, 30.7, 28.8, 24.0, 23.2, 14.2, 10.9. MALDI-TOF
MS (m/z): calc’d for C30H4oN2O4 [M+] =492.3; found 492.9.

3,6-bis(5-bromofuran-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c|pyrrole-1,4(2H,5H)-dione
(4): Compound 3 (1.01 g, 2.05 mmol) was charged in a 100 mL single-neck round-bottom flask
filled with 50 mL of CHCIl;. The mixture was cooled to 0 °C and stirred while N-
bromosuccinimide (NBS) was added in small portions. The mixture was allowed to warm to
room temperature and stirred for 2 h following complete addition of NBS. The organic phase
was extracted with CHCI; and washed with water. The CHCl; was evaporated, and the resulting
tacky solid (dark red) was purified by column chromatography using CHCls as eluent. 0.95 g of
4 were isolated (71% yield). 'H NMR (400 MHz, CDCl;): & (ppm) = 8.30 (d, J=3.7 Hz, 2 H),
6.62 (d, J=3.7 Hz, 2 H), 3.99 (add, /= 2.7 Hz, 7.4 Hz, 4 H), 1.78 — 1.68 (m, 2 H), 1.39 — 1.24
(m, 16 H), 0.92 (t, J = 7.5 Hz, 6 H), 0.88 (t, J= 7.0 Hz, 6 H). ">C (100 MHz, CDCl;): 8 (ppm) =
161.1, 146.4, 132.9, 126.4, 122.4, 115.7, 106.4, 46.4, 40.2, 30.7, 28.9, 23.9, 23.3, 14.2, 10.8.
MALDI-TOF MS (m/z): calc’d for C30H38BI'2N204 [M+] = 6481, found 648.3.

Scheme 5.2
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PDPP2FT (6): 4 (200 mg, 0.307 mmol), 2,5-bis(trimethylstannyl)-thiophene (5) (126 mg, 0.307
mmol), Pd(dba); (2 mol %) and P(o-tol); (8 mol %) were charged with a 50 mL Schlenk tube,
cycled with N, and subsequently dissolved in 6 mL of degassed chlorobenzene. The mixture was
stirred for 24 h at 110 °C. The reaction mixture was allowed to cool to 55 °C, 15 mL of CHCI;
was added, and the strongly complexing ligand N, N-diethylphenylazothioformamide (CAS#
39484-81-6) was subsequently added (as a palladium scavenger). The resulting mixture was
stirred for 1 h at 55°C, and precipitated into methanol (200 mL). The precipitate was filtered
through a Soxhlet thimble and purified via Soxhlet extraction for 12 h with methanol and 1 h
with hexanes, followed by collection in chloroform. The chloroform solution was then passed
through a plug of silica, neutral alumina, and celite (1:1:1), concentrated by evaporation and
precipitated into methanol (200 mL). The polymer 6 was filtered off as a dark solid (162 mg).
SEC analysis: M, = 66 kDa, PDI = 2.05.

Scheme 5.3
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2,5-bis(trimethylstannyl)furan (8): Compound 7 (2.0 g, 8.85 mmol) and 30 mL of dry THF
were added to a 100 mL two-neck round-bottom flask with stir bar, and placed under N,
atmosphere. The mixture was cooled to -78 °C, and n-BuLi (2.5 M in hexanes) (18.2 mmol, 7.4
mL) was added dropwise over 30 min (while at -78 °C). Following complete addition of n-BulLi,
the reaction mixture was stirred for an additional 15 min at -78 °C. It was subsequently allowed
to reach room temperature and stirred for 1 h. The reaction mixture was cooled down to -78 °C,
MesSnCl (18.6 mmol, 3.70 g) was charged all at once, and the mixture was stirred at -78 °C for
15 min. It was then allowed to reach room temperature and stirred for 12 h. The organic phase
was extracted with diethyl ether and washed with water. Diethyl ether was evaporated, and the
resulting oil (yellow) was passed through a plug of basic alumina using hexanes as eluent.
Hexanes were evaporated, and the resulting oil (colorless) was distilled under reduced pressure
(68-72 °C at 180 mTorr) and 0.74 g of 8 were isolated (21% yield). '"H NMR (400 MHz, CDCls):
8 (ppm) = 6.71 (s, 2 H), 0.40 (m, 18 H). "*C (100 MHz, CDCls): & (ppm) = 165.2, 120.3, -9.0.
PDPP3F (9): The same polymerization and purification protocols as those described for
PDPP2FT (6) were followed. Polymer 9 was collected as a dark and brittle solid (58 mg). SEC
analysis: M, =29 kDa, PDI = 2.02.
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Scheme 5.4
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3,6-di(thien-2-yl)pyrrolo|3,4-c]pyrrole-1,4(2H,5H)-dione (11). A 500 mL three-neck flask
connected to a condenser was charged with a stir bar and tert-amyl alcohol (250 mL). Sodium
metal (2.56 g, 108 mmol) immersed in mineral oil was thoroughly washed with hexanes and cut
into small pieces. The sodium metal pieces were slowly added to the reaction mixture over a 1.5
h period while the temperature was slowly increased to 120 °C over the same amount of time.
After all the sodium metal pieces were dissolved, compound 10 (11.9 g, 108 mmol) was added to
the reaction. As dimethyl succinate (5.29 g, 36.2 mmol) was added dropwise to the reaction
mixture over 1 h, the solution turned dark red. The reaction contents were stirred at 120 °C for 2
h, and then precipitated into acidic MeOH (400 mL MeOH and 20 mL conc. HCI). Filtration of
the suspension through a Buchner funnel yielded 11 as a dark red solid (9.10 g), which was used
in subsequent reactions without further purification (83 % yield).

2,5-bis(2-ethylhexyl)-3,6-di(thien-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (12). A 250
mL of round bottom flask was charged with 11 (4.50 g, 15.0 mmol), cesium carbonate (14.6 g,
45.0 mmol) and dry DMF (150 mL). The reaction contents were stirred at 120 °C for 3 h before
2-ethylhexyl bromide (7.24 g, 37.5 mmol) was added to the mixture. After the reaction mixture
was heated at 130 °C for 20 h, it was filtered through qualitative filter paper into a 500 mL
round-bottom flask to remove salt byproducts. The solvent was removed from the crude product
under reduced pressure. The crude material was purified by flash chromatography (CHCls) to
yield 1.24 g of 12 as a dark red-purple tacky solid (16 % yield). '"H NMR (400 MHz, CDCls): & =
8.89 (d,/=3.9Hz 2H), 7.61(d,J=5.0Hz, 2 H), 7.25 (at, J=4.5 Hz, 1 H), 4.01 (m, 4 H), 1.92
—1.78 (m, 2 H), 1.40 — 1.18 (m, 16 H), 0.89 — 0.83 (adt, J = 7.3 Hz, 8.8 Hz, 12 H). C (100
MHz, CDCls): 6 = 161.8, 140.5, 135.4, 130.6, 130.0, 128.5, 108.0, 45.9, 39.2, 30.3, 28.4, 23.6,
23.2,14.1, 10.6. HRMS (EI, m/z) calc’d for C30H4oN,0,S; [M]+: 524.2531; found: 524.2535.

3,6-bis(5-bromothien-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo|3,4-c]pyrrole-1,4(2H,5H)-dione

(13). A 100 mL single-neck round-bottom flask was charged with a stir bar, 8 (1.21 g,
2.31 mmol) and chloroform (23 mL) under ambient conditions. After the reaction mixture was
stirred in an ice bath at 0 °C for 20 min, NBS (821 mg, 4.61 mmol) was added in small portions
over 30 min. After stirring for another 20 min, the reaction mixture was washed with water. The
organic extract was dried over MgSOy, and solvent was removed under reduced pressure.
Purification by flash chromatography (20 % hexanes in CHCls) yielded 1.30 g of a purple solid
(83 %). "H NMR (400 MHz, CDCls): & = 8.64 (d, J = 4.2 Hz, 2 H), 7.22 (d, J = 4.2 Hz, 2 H),
3.92 (m, 4 H), 1.88 — 1.78 (m, 2 H), 1.39 — 1.19 (m, 16 H), 0.90 — 0.84 (aq, J = 7.3 Hz, 12 H).
C (100 MHz, CDCly): & = 161.5, 139.5, 135.5, 131.6, 131.3, 119.2, 108.1, 46.1, 39.2, 30.3,
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28.4, 23.7, 23.2, 14.2, 10.6. HRMS (EI, m/z) calc’d for C3;oH33Br,N,0O,S, [M]+: 682.0721;
found: 682.0733.

Scheme 5.5
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PDPP3T (14): The same polymerization protocol as that described for PDPP2FT (6) was
followed. The substantial solubility limitations encountered with 14 during the purification
process (initially attempted as described for PDPP2FT (6)) led us to establish the following
modified protocol for the basic characterization of 14: on a second polymerization, after 24 h, the
reaction was cooled to room temperature and aliquots were taken for SEC and CV analysis (~1
mL was extracted from the reaction mixture and precipitated into ~3 mL of methanol). The crude
polymer 14 was collected and dried under nitrogen flow before further use. SEC analysis of the
soluble fraction of 14: M, = 2 kDa, PDI =2.71.

Table 5.3. Molecular weight and PDI of P3HT measured by SEC

M, (g/mol) PDI

PDPP2FT 66,000 2.05
PDPP3F 29,000 2.02
PDPP3T 2,000 2.71

5.4.2 Photovoltaic Device Fabrication

All photovoltaic devices have a layered structure with the photoactive layer sandwiched
between the two electrodes, ITO and LiF/Al. Glass substrates coated with a 150 nm sputtered
ITO pattern of 20 Q o' resistivity were obtained from Thin Film Devices Inc. The ITO-coated
glass substrates were ultrasonicated for 20 min each in 2% Hellmanex soap water, DI water,
acetone, and then isopropanol. The substrates were dried under a stream of dry nitrogen and then
underwent UV-ozone treatment for 5 min. A dispersion of PEDOT:PSS (Baytron PH) in water
was filtered (0.45 um PVDF) and spin coated at 4000 RPM for 60 s, affording a ca. 40 nm layer.
The substrates were dried for 10 min at 140°C in air and then transferred into a nitrogen glove
box for subsequent procedures. PDPP2FT solutions were prepared in chlorobenzene at a
concentration of 15 mg/ml and were heated to 100°C and stirred overnight for complete
dissolution. PDPP2FT solutions were mixed with 30 mg/ml filtered PC;BM or PC7;BM (Nano-
C) solutions to yield blend solutions of different concentrations and weight ratios of polymer to
PCBM. PDPP3F solutions were prepared in chloroform at a concentration of 10 mg/ml and were
heated to 50°C and stirred overnight for complete dissolution. PDPP3F solutions were mixed
with 20 mg/ml filtered PC;BM or PC7;BM solutions in chloroform to yield blend solutions of
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different concentrations and weight ratios of polymer to PCBM. Varying amounts of additive
CN were added to the blend solutions before spin coating. The active layers of all devices were
spin coated at 2000 RPM for 50 s on top of the PEDOT:PSS layer. The substrates were then
placed in an evaporation chamber and pumped down to a pressure of ~ 6 x 107 Torr before
evaporating a 1 nm LiF layer and subsequently a 100 nm Al layer through a shadow mask on top
of the photoactive layer to yield devices with active areas of 0.03 cm”. The mechanical removal
of part of the organic layer allowed contact with the ITO and adding conductive Ag paste to the
removed area to ensure electrical contact completed the device. Testing of the devices was
performed under a nitrogen atmosphere with an Oriel Xenon arc lamp having an AM 1.5G solar
filter to yield 100 mW cm™ light intensity as calibrated by an NREL certified silicon photocell.
Current—voltage behavior was measured with a Keithley 2400 SMU. During the device
optimization process, various parameters (solution concentration, blends ratio, spin speed,
additive percentage) were tested and more than 200 devices were tested and optimized
conditions were repeated to ensure reproducibility. The external quantum efficiency (EQE) was
determined at zero bias by illuminating the device with monochromatic light supplied by a
Xenon lamp in combination with a monochromator (Spectra Pro 150, Acton Research
Corporation). The number of photons incident on the sample was calculated for each wavelength
by using a Si photodiode calibrated by the manufacturer (Hamamatsu).

5.4.3 Optical, Electronic, and Morphological Characterization

Cyclic voltammograms were collected using a Solartron 1285 potentiostat under the
control of CorrWare II software. A standard three electrode cell based on a Pt wire working
electrode, a silver wire pseudo reference electrode (calibrated vs. Fc/Fc"), and a Pt wire counter
electrode was purged with nitrogen and maintained under a nitrogen atmosphere during all
measurements. Acetonitrile was purchased anhydrous from Aldrich and tetrabutylammonium
hexafluorophosphate (0.1 M) was used as the supporting electrolyte. Polymer films were drop
cast onto a Pt wire working electrode from a chloroform, tetrahydrofuran, toluene, or
chlorobenzene solution and dried under nitrogen prior to measurement.

UV-Visible absorption spectra were obtained using a Cary 5000 Conc UV-Visible
spectrophotometer in transmission geometry. For thin film measurements polymers were spin
coated from chlorobenzene or chloroform solutions onto cleaned glass slides. Polymer film
thickness was measured by a Veeco Dektak profilometer.

Atomic force microscopy (AFM) was performed to study the surface morphology of the
polymer:PCBM blends. Topographical and phase images were obtained concurrently using a
Veeco Multimode V AFM in tapping mode using RTESP tips.
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Chapter 6

Solution Processing of a Small Molecule Subnaphthalocyanine for
Efficient OPVs"

Abstract

Solution processing of the small molecule subnaphthalocyanine (SubNc) is carried out to form
an electron-donor layer in efficient planar heterojunction OPV devices. Due to their unique
properties, including high solubility, low tendency to aggregate, and strong light absorption in
the visible light region, we are able to prepare amorphous SubNc films with high charge-
transporting and light-harvesting properties via simple solution casting. By using SubNc as the
donor and Cgg as the acceptor, we have demonstrated a planar heterojunction OPV with a power
conversion efficiency of 1.5%, which represents one of the highest efficiencies for planar
heterojunction OPVs based on solution processable small molecules to date. This work
demonstrates that solution processing of light-harvesting small molecules has great potential in
low-cost thin-film photovoltaic cells. Importantly, SubNc and its derivatives are promising new-
generation materials for OPVs.

4 Reproduced in part with permission from Ma, B.; Woo, C. H.; Miyamoto, Y. , J. M. 1. Chemistry of
Materials, 2009, 21, 1413-1417. Copyright 2009 American Chemical Society.
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6.1 Introduction

The state-of-the-art efficiency of OPVs has steadily improved over the last decade from
about 1% to over 5%, with considerable efforts directed towards the development of new
materials and device structures.'™ In previous chapters, we have focused much attention on
polymer-based organic photovoltaics. Small molecules are an alternative material family that has
also received considerable interest. In the area of device fabrication, there are two primary thin
film preparation methods: one is solution processing, and the other involves high vacuum vapor
deposition of thermally stable molecules. Solution processing is generally believed to be more
cost efficient than vapor deposition, as it does not involve expensive high vacuum systems and is
feasible for large scale roll-to-roll production. Unfortunately, the use of solution processing in
OPVs has so far been limited to soluble conjugated polymers because of their favorable film
formation properties during spin coating.”'® Uniform surface morphology is desirable for better
charge transport and charge extraction in a solar cell.

On the other hand, there has been little success in the solution processing of small
molecules for OPVs despite their advantages over polymeric semiconductors, which include
monodispersity, high charge carrier mobility, and relatively simple synthesis.'' To our best
knowledge, the state-of-the-art efficiency in solution processed small molecule OPVs has
reached only modest values of ca. 1 % so far.'' Factors such as limited solubility and tendency to
aggregate in most organic solvents are responsible for the difficulty in solution processing of
small molecules. For example, Copper phthalocyanine (CuPc), a commonly used small molecule
donor material, is poorly soluble in most organic solvents, thus thin films can only be prepared
by vapor deposition.' In addition, crystallization of solution-cast small molecules on a substrate
often results in poor film formation with polycrystalline domains, which are characterized by
unfavorable grain connectivity and sub-optimal crystalline ordering."’

In this Chapter, we demonstrate efficient solar cells based on a solution processed
electron donor material, the small molecule subnaphthalocyanine (SubNc). Similar to its related
analogue subphthalocyanine (SubPc), SubNc has a nonplanar pyramid-shaped structure, in which
a boron is surrounded by three coupled benzo-isoindole units to give a 14-m-electron aromatic
macrocycle.'*'* The unique cone-shaped geometry of SubPc and SubNc, contrasts with the flat
or nearly flat structure of most phthalocyanines and provides them with distinctive physical
properties, such as high solubility and low tendency of aggregation. In addition, their outstanding
electronic and optical properties make them of interest for a variety of applications, such as non-
linear optics and photodynamic therapy.'*"” The strong absorption in the visible light region with
extinction coefficients of ca. 5x10*M'em™ enables them to be used as effective light harvesting
materials in solar energy conversion applications.'* Indeed, the concept of artificial
photosynthetic systems with SubPcs as light harvesting donor units has been demonstrated in
SubPc-Cgo dyads.'™" More recently, two research groups have reported efficient organic
photovoltaic cells with power conversion efficiencies over 2% by using vacuum deposited SubPc
films as the electron donor and fullerene (Cqo) as the electron acceptor.”**' In this study, we
investigate for the first time the use of solution processable SubNc in OPV devices. The addition
of a ring system to the isoindole units increases the solubility of the SubNc while reducing their
tendency to aggregate and broadening their absorption as compared to SubPc."” These factors
enable the solution processing of high quality SubNc thin films for OPVs.
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6.2 Results and Discussion

The usefulness of solution deposited SubNc films in organic photovoltaic cells was
evaluated in planar heterojunction devices. Figure 6.1 shows the chemical structures of the
materials, the device structure and a schematic energy level diagram. The energy levels of each
layer have been reported in the literature.'®?** The device fabrication process involves spin
coating chlorobenzene solutions of the donor materials on top of ITO glass substrates pre-coated
with PEDOT:PSS, followed by vapor deposition of a 325 A thick film of Cg as acceptor, a 100
A thick film of 2,9-dimethyl-4,7- diphenyl-1,10-phenanthroline (BCP) used as an exciton
blocking layer, and a 1000 A thick silver cathode. The detailed device structure and thickness
are ITO/PEDOT:PSS/Donor Layer/Cqy (325 A)/BCP(100 A)/Ag(1000 A) as shown in Figure 1b.
The thickness of the SubNc¢ donor layer was controlled by the concentration of the solution used
for spin coating and was varied from 75 A (SubNc1) to 320 A (SubNc5). For valid comparisons,
the thicknesses of the Cgp and BCP layers were fixed to values comparable to those reported
elsewhere.’>*! The control device consisted of a 400 A thick film of P3HT, the most common
solution processable polymer donor material.
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Figure 6.1. (a) Structures of the materials used in this study, (b) device architecture and processing methods, and
(c) schematic device energy level (HOMO and LUMO) diagram.
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Figure 6.2. Current density vs. voltage (J-V) characteristics of organic photovoltaic cells with the structure
ITO/PEDOT/Donor Layer/Cyg (325 A)/BCP(100 A)/Ag(1000 A) under 1 sun AM 1.5 G simulated illumination.

Table 6.1. Average device parameters of SubPc/Cgy and P3HT/Cg, planar heterojunction solar cells

Device Donor (A)  Je.(MA cm™) Vo (V) FF PCE (%)
P3HTH 400 357 (3.71)  0.20(0.25)  0.45 (0.50) 0.33 (0.47)
SubNcl 75 5.03 0.46 0.51 1.19
SubNc2 110 5.39 0.50 0.47 1.25
SubNc3™ 200 5.39(5.59)  0.55(0.55)  0.42 (0.49) 1.25 (1.47)
SubNc4 285 5.30 0.55 0.43 1.23
SubNc5 320 5.30 0.49 0.40 1.04

[a] Devices were measured before and after annealing at120°C for 40 min; data in brackets are for annealed devices.

Figure 6.2 shows the device performance for the SubNc devices and P3HT control device
under 100 mW c¢cm™ AM 1.5G solar illumination, and Table 6.1 summarizes the performance
parameter for the devices. All the SubNc devices show better performance than the P3HT control
device, with higher open-circuit voltages (V,.) of ~ 0.5 V, higher short-circuit current density
(Jse) of ~ 5.4 mA cm™ and comparable fill factor (FF) of ~ 0.45. The higher V. and J;. lead to
power conversion efficiencies (77,) of about 1.25 % for the SubNc devices vs. 0.3 % for the
P3HT device. The V,. is usually limited by the energy difference between the lowest unoccupied
molecular orbital (LUMO) of the electron acceptor and the highest occupied molecular orbital
(HOMO) of the electron donor in planar heterojunction cells.”’ Therefore, in this case, the
increased V,. is attributed to the higher HOMO-LUMO gap for SubNc/Cgy compared to
P3HT/Cgo, as illustrated in Figure 6.1c. For the same reason, the V,. of our SubNc/Cgy device is
lower than that of previously reported SubPc/Cgy device with V,. approaching to 1.0 \/,20’21 as a
result of the higher HOMO of SubNc vs. SubPc, which is caused by the increased conjugation
with the addition of benzo rings on SubNc."?

In these planar heterojunction devices, the short-circuit current density (J;.) is determined
primarily by the absorption of the active materials, the exciton diffusion length and the charge
transport properties. From absorption and thickness measurements, we calculated that SubNc
films have an absorption coefficient of 5x10* cm™, which is similar to that of P3HT. Thus, the
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spectral overlap of the absorption of the two materials (SubNc and Cgp) with the solar spectrum
may play a larger role in determining the photocurrent of the devices. As shown in Figure 6.3,
SubNc has a much broader absorption than P3HT, peaking at Any.x = 688 nm vs. 556 nm for
P3HT, leading to a better overlap with the solar spectrum, which has a maximum photon flux
around 670 nm.** This is confirmed by comparing the external quantum efficiencies (EQEs) for
the SubNc device and the P3HT device. As shown in Figure 6.4, the SubNc2 device has strong
photo-response generated in the region from 650 nm to 730 nm with EQEs over 10%. The
photocurrent at short wavelengths (400 nm - 500 nm) is mainly contributed by Cgo. Also, due to
the extended conjugation and absorption of SubNc, the SubNc/Cgy device has a much higher
current density (~ 5.4 mAcm™) than the SubPc/ Ce cell (~ 3.4 mAcm™).?
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Figure 6.3. Absorption spectra for the films of P3HT (400 A) and SubNc (75 A-320 A).
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Figure 6.4. External quantum efficiencies for the P3HT control device and SubNc2 device

Unlike many vapor deposited metal phthalocyanine (MPc)/Cgy devices that display a
strong performance dependence on the thickness of the MPc layer,”* our devices with solution
processed SubNc film displayed a near thickness-independent behavior up to 300 A (see Figure
6.2). This result suggests that the solution processed SubNc film has a relatively high charge
carrier mobility and/or a longer exciton diffusion length (L..) than vapor deposited MPc
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films.”** To investigated this further, the hole mobility of SubNc was measured in the device
structure of ITO/PEDOT:PSS/SubNc(360 A)/Au based on the field independent space-charge-
limited mobility model. Gold electrode was used to ensure a hole-only device. The measurement
was conducted on devices before and after thermal annealing at 120°C for 40 min, and no
significant change in the /-J characteristics was observed. Assuming a relative dielectric
constant of 3.9 for SubNc,?' the analysis gives a hole mobility of ~ 2x10” cm® V™' s™!, which is
much higher than that of many other MP¢ films, such as SnPc that has a hole mobility of 2x10™°
cm® V' s7.% In addition, the hole mobility value that we measured is close to the theoretical
optimum charge carrier mobility for organic solar cells for minimizing recombination losses as
well as ensuring efficient charge extraction.*

The relatively high mobility of solution processed small molecule thin film is not
surprising when considering the molecular packing and film surface morphology of SubNec. First,
the additional aromatic rings increase the extent of conjugation and better overlap between the
isoindole units, leading to better charge hopping between molecules in the SubNc film than in
the SubPc film.'® Second, SubNc forms a smooth and continuous film upon solution casting on a
substrate, which is beneficial for charge migration without trap sites or shunt currents caused by
defects. AFM was used to characterize the topology of SubNc thin film on top of PEDOT:PSS
pre-coated ITO substrate. Figure 6.5 shows the AFM images of films before and after thermal
annealing. It was found that a featureless continuous film was obtained after spin coating a
chlorobenzene solution of SubNc on the substrate. The surface has a root-mean-square (rms)
roughness of 16 A, which is lower than that of vapor deposited SubPc thin film on ITO
substrates,”' confirming that high quality thin films are achievable through solution processing.
Thermal annealing at 120°C for 40 minutes further reduced the rms roughness to a value of 7 A.
The formation of smooth SubNc films without aggregation can be predicted by comparing the
absorption spectra of SubNc in thin films with different thickness and in solution.">!” As shown
in Figure 6.3, the thin film spectra is almost identical to that in solution with little peak shift or
change in shape upon changing the thickness, suggesting that molecular aggregation is not
prevalent in the spin coated SubNc films.
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Figure 6.5. AFM height images of 200 A thick film of SubNc on top of PEDOT:PSS pre-coated ITO substrates
(vertical axis is on a scale of 20 nm/division, horizontal axes are 0.2 pm/division): (a) before annealing with rms
roughness of 16 A, (b) after thermal annealing at 120 °C for 40minutes with rms roughness of 7 A.
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For many organic semiconductor materials, exciton diffusion length is primarily
determined by the combination of carrier mobility and exciton lifetime. The value of the product
(mobility x lifetime) for high-performance photovoltaic materials with L., > 100 A is usually of
the order of 10" or 10 cm? V'.**?7 Given that the hole mobility of SubNc is in the order of 10~
cm® V's™!, the exciton lifetime for SubNc would be expected to be of the order of microseconds.
Since SubNc possesses a singlet lifetime of about 3 ns and a triplet lifetime of about 90 us in
solution,"*'” it is likely that the triplet states of SubNc participate in the charge separation
process.”® Such involvement of triplet excitons in SubNc would be expected given its efficient
intersystem crossing (kise ~ 3x10% s™) and high triplet quantum yield (& ~ 0.7).'"*'” Based on
these considerations, we believe that SubNc in OPVs behaves very similarly to the typical triplet
material PtOEP, which has an almost identical hole mobility of about 10> cm? V™' s™, a triplet
lifetime of 91 ps in a doped thin film, and an exciton diffusion length of around 300 A.** The
fundamental study of triplet excitons behavior in OPVs based on SubNc and its related materials
is in process.

We further investigated the effect of thermal annealing on device performance. Thermal
treatment has been shown to improve device performance by reducing the series resistance in
many OPV devices.” In our study, the finished devices were treated at 120°C in an argon filled
glove box for 40 minutes. Figure 6.6 shows the device performance for the SubNc3 cell and the
P3HT control cell before and after thermal treatment. It is found that thermal annealing
significantly improved the P3HT device efficiency from 0.34 % to 0.48 %, with a concomitant
increase in all the important device characteristics (V,., Jsc and FF). This improvement can be
ascribed to the enhanced charge carrier mobility of P3HT thin film caused by thermally induced
crystallization.” Although not as pronounced as in the P3HT control device, an improvement in
performance is also observed in the SubNc device upon thermal annealing treatment. The
increase in PCE value from 1.28 % to 1.49 % upon annealing is mainly due to the increase in fill
factor (FF) from 0.43 to 0.49. Since there was almost no change in film morphology or carrier
mobility for the SubNc layer upon thermal annealing as described above, the slight improvement
1s most probably caused by the increase of donor/acceptor interfacial area as a result of the inter-
diffusion of SubNc and Cg layers during thermal annealing.
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Figure 6.6. Current density versus voltage (J-V) characteristics of the P3HT control device and SubNc3 device
under 1 sun AM 1.5 G simulated illumination, before and after thermal annealing at 120 °C for 40 minutes.
6.3 Conclusions
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In this Chapter, we have demonstrated efficient OPV devices based on solution
processable small molecule Subphthalocyanine (SubNc). The unique structural and
photophysical properties of SubNc, including its high solubility, low tendency to aggregate, and
strong light absorption, enable the solution processing of thin films with favorable light
absorbing and charge transporting properties. By using SubNc as the donor and Cgp as the
acceptor, power conversion efficiency of 1.5 % was achieved in a simple planar heterojunction
structure with open circuit voltage of 0.55 V, short circuit current density of 5.6 mA cm™, and
fill factor of 0.49, which represents one of the highest performing devices reported to date based
on solution processable small molecules. The participation of triplet excitons of SubNc is likely a
contributing factor to the high device performance. The use of solution processed small
molecules is promising in the search for low-cost and efficient devices and that SubNc and its
derivatives are promising as new-generation materials for OPVs.

6.4 Experimental

Patterned Indium tin oxide (ITO) coated glass substrates were purchased from Thin Film
Devices Inc. Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) (Baytron-
PH500) was purchased from H. C. Starck. Poly(3-hexylthiophene)(P3HT) used was house-made
with a number average molecular weight (M,) of 35 kDa. Subnaphthalocyanine(SubNc), 2,9-
Dimethyl-4,7-diphenyl-1,10-phenanthroline(BCP) (96 %), C60 (99.9 %, sublimed), silver
shot(1-3 mm, 99.99+ %) and chlorobenzene (anhydrous, 99.8 %) were purchased from Aldrich.
BCP was purified in a home-built thermal gradient sublimator before its use for vapor
evaporation.

ITO glass substrates were cleaned using the following sequential steps: sonication in soap
solution; rinsing with deionized water; boiling in trichloroethylene, acetone, and ethanol for 5
min each; and drying with nitrogen. Finally, the substrates were treated with UV ozone for 10
min. A filtered dispersion of PEDOT:PSS in water (Baytron-PH500) was spun cast at 4000 rpm
for 40 s to produce a 32 nm thick layer, followed by baking at 140 °C for 10 min in ambient.
Solution processing of the films was performed in an inert-atmosphere (Argon) glove box. One
solution of SubNc (10 mg/ml in chlorobenzene) and one solution of P3HT (10 mg/ml in
chlorobenzene) were prepared and stirred at 110 °C overnight to ensure complete dissolution.
Prior to use in the fabrication of devices the solutions were passed through a 0.45 pm
polytetrafluoroethylene syringe filter. Diluting a 10 mg/ml solution of SubNc with pure
chlorobenzene afforded the more dilute solutions (from 2 mg/ml to 8 mg/ml) used to prepare
SubNc films of different thicknesses. Thin films of SubNc and P3HT were prepared by spin
casting their solutions on the PEDOT pre-coated ITO substrates at 2000 rpm for 40 s. After
solution processing, high vacuum thermal vapor evaporation was applied to deposit the Cgo, BCP
and Ag cathode. The deposition rates for Cgo, BCP, and Ag were controlled at 1.5 As™, 1.5 As ™,
and 5As ™ respectively. The Ag cathode was evaporated through a shadow mask to produce an
active area of 0.03 cm?. After evaporation, a part of the organic layer was removed to allow
contact with the ITO, and then conductive silver paste was painted to the area in order to produce
the electrical contact. Thermal annealing was performed on a temperature-controlled hotplate at
120 °C in the glove box.
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All devices properties were measured at room temperature in an Argon atmosphere under

AM 1.5 G solar illumination at 100 mWecm™ (1 sun) using a Thermal-Oriel 300W solar simulator
with filter. External quantum efficiency (EQE) values were obtained with a monochromator and
calibrated with a silicon photodiode. The Current density-voltage (J-V) characteristics were
recorded in a Keithly 236 SMU. Absorption spectra were recorded in a Cary 50 UV-vis
spectrometer. Film thickness measurements were performed using a Dektak 150 surface profiler.
Topographical images were obtained using a Veeco Multimode V Atomic Force Microscope
(AFM).
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Chapter 7

Correlating Mobility and Crystallinity for Photocrosslinkable
Bromine-Functionalized Poly(3-hexylthiophene)
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7.1 Introduction

With the performance and reliability of solution-processed organic electronics rapidly
advancing, organic field-effect transistors (OFETs) are fast becoming a reality in emerging
commercial applications such as printable electronics and flexible optical displays.'” In the past
decade, research efforts have focused on developing new organic semiconductors for better
charge carrier mobility. For the design of materials for OFETs, a critical parameter is the
microstructural order of the semiconductor.>® Among the best polymeric semiconductors
reported to date, such as PBTTT’ ’6, PDBT-co-TT’ and P3HT? for p-channel and N2200*!° for n-
channel FETs, their high performance has been attributed to the ability of the polymer chains to
n-stack regularly in a thin film. Similarly, the best small molecule semiconductors for OFETS
have a high propensity to organize into regular crystal structures.''"'> While it is important to
develop materials that inherently possess a high tendency to self-organize (for example, by
having a rigid backbone or by choosing the right side chain), an additional challenge is the
dependence of charge transport properties on processing conditions. For instance, the charge
carrier mobility of a solution-processed polymer-based transistor can vary by orders of
magnitude by applying different processing techniques such as post-deposition treatments,
solvent choice, or substrate engineering. However, there are gaps in our understanding of how
processing conditions affect the microstructure of a polymer thin film and ultimately its
electronic performance. One of the previous limitations in advancing our knowledge in this field
had been the lack of appropriate and sensitive characterization methods for probing thin film
microstructure. However, with recent advances in molecular and x-ray characterization
techniques,'>" it is now possible to draw clear correlations between the microstructural order
and charge transport properties of a polymer thin film.

While thermal annealing is commonly performed to enhance polymer crystallinity, there
are other processing conditions that may be of interest. For example, crosslinking is a useful
technique that allows the fabrication of complex multilayer devices.'®'® Bilayer FETs are also
desirable for achieving ambipolar transport useful for simplifying the electronic circuit
design.'”** However, the effect of crosslinking on the microstructural order of a conjugated
polymer has not been well studied (REF?). Recently, our group has developed a photo-
crosslinkable derivative of the semiconducting polymer P3HT.*' Using bromine as the
crosslinkable moiety tethered to the end of the alkyl side chain of the polymer, bromine
functionalized conjugated polymers can be easily crosslinked by UV irradiation.”'** Here, we
use the photocrosslinkable P3HT-Br10 as a model system to illustrate the effect of crosslinking
and thermal annealing on FET performance and correlate charge mobility with thin film
crystallinity. We chose the P3HT-BrlO derivative, which contains 10% of the bromine
functionalized monomer unit in its backbone, to ensure sufficient bromine content for complete
crosslinking while minimizing the disruption of the semicrystalline nature of the P3HT
polymer.”! This study highlights the use of crosslinking to tune the microstructural order of the
polymer thin film. In addition, we have developed a process for achieving both a high degree of
crystallinity (DOC) and high mobility.

7.2 Results and Discussion
The P3HT-Brl10 polymer (Figure 7.7) was synthesized by the same procedure as
reported.”’ The polymer used in this study had a M, of 19,000 g/mol and a PDI of 1.2. OFETs
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were fabricated in a bottom-gate, bottom-contact configuration with highly doped p-type (100)
silicon wafers as the gate electrode and 300 nm of SiO, as the gate dielectric. Patterned Au
electrodes were deposited onto the substrate by lithography. The polymer layer was spun cast
from chloroform on octadecyltrichlorosilane (OTS) treated Si/SiO, substrates. Devices were
fabricated with typical channel lengths of 20 um and channel width of 800 um. I-V plots of
device performance were measured under vacuum, and transfer and output plots were recorded
for each device. For each condition, the reported data are averaged over 3-5 devices to ensure
reproducibility and consistency. Key device performance parameters, including field-effect
mobility (), threshold voltage (Vrx), and on/off current ratio (Ion/lorr) Were extracted under
standard procedures. The results are summarized in Table 7.1. Figure 7.8 shows two examples of
the characteristic output and transfer plots of devices under two of the processing conditions we
examined. The rest of the I-V plots are shown in the supporting information.

Br Bottom Gate

Bottom Comtact

Au Au
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S S

0.1 0.9 m

Figure 7.7 The structure of P3HT-Br10 and the BG-BC FET configuration used.
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Table 7.1 Summary of OFET performance of Br-P3HT films processed under different conditions

Processing condition H (cm2 vl s']) ToNIorF Vg (V)
As cast 1.2x 107 107 47
Annealed (1 hr) 2.7x 107 10° -10
Crosslinked (1 hr) Not active? Not active?  Not active?
Crosslinked (1 hr) and then annealed (1 hr) 25x 10" 7x 10° -5
Crosslinked and annealed simultaneously (1 hr) 8.5x 107 10° -10

First of all, it is clear that the OFET performance is highly dependent on processing
conditions. Under five different processing conditions with various combinations of crosslinking
and annealing sequence, the mobility of P3HT-Br10 FET devices varied over two orders of
magnitude. For as cast P3HT-Br10 films (see Figure 7.8a and b for I-V plots), the p-channel FET
mobility was measured to be 1.2 x 10° cm” V' 5™, which is comparable to as cast devices of
P3HT from chloroform.? However, the positive threshold voltage and high Iopr are unfavorable
parameters that are indicative of doping and impurities in the device (REF). This behavior may
be caused by the Br moiety acting as charge traps.

A common way to improve the performance of P3HT-based FETs is by thermal
annealing.”** After annealing at 150°C for 1 hr, the mobility of the P3HT-Br10 device improved
by over an order of magnitude to 2.7 x 10% cm” V' s™. The threshold voltage became negative,
and the on/off current ratio was at a reasonable value. Annealing of the P3HT-Brl0 at an
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elevated temperature of 150°C allowed the polymer chains to become mobile and thus induced
the lamellar ordering and m-stacking of the polymer.

We were interested to probe the effect of crosslinking on the polymer FET performance.
The P3HT-Br10 film was photocrosslinked by illuminating the sample with UV light (A = 254
nm) from a low power hand-held lamp (1.9 mW cm™). After 1 hr of photocrosslinking, the FET
performance of the P3HT-Br10 was tested and found to be not active. This suggests that
crosslinking is disrupting the electronic and/or the structural properties of the P3HT-Brl0,
leading to poor FET performance. Interestingly though, we were able to recover some transistor
activity by subsequently annealing the crosslinked sample. The P3HT-Br10 device that was first
photocrosslinked for 1 hr and then annealed at 150°C for 1 hr showed a mobility of 2.5 x 10
cm® V' s, a threshold voltage of -5V and an on/off current ratio of 7 x 10°. However, this
performance is still lower than that of the annealed device as well as the as cast device.

To study the combined effect of photocrosslinking and thermal annealing, we also tested
a P3HT-Br10 device that was crosslinked and annealed at the same time. In this case, the sample
was placed on a hot plate at 150°C while under UV illumination to achieve simultaneous
crosslinking and annealing treatments. Figure 7.8c and d show the I-V characteristics of this
device, which achieved an FET mobility of 8.5 x 107 cm® V™' 5. It is clear that crosslinking and
annealing at the same time preserved the favorable electronic and structural properties of the
polymer to achieve favorable device performance.
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Figure 7.8 a) Output and b) transfer curves of an as cast P3HT-Br10 FET device. ¢) Output and d) transfer curves of
a P3HT-Br10 FET device that has been crosslinked and annealed simultaneously for 1 hr.
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To investigate the correlation between charge mobility and microstructural order in the
polymer thin films, we performed in-depth X-ray diffraction analysis to quantitatively compare
the degree of crystallinity of the P3HT-Br10 samples processed under different conditions. We
followed the method developed by Baker et al.'* for quantifying crystallographic information for
textured polymer thin films using a synchrotron radiation light source and an area detector. Due
to the anisotropic distribution of crystallite orientation in these semicrystalline polymer thin
films, we need to use pole figures to fully capture all the crystallite orientations in order to
perform valid quantitative comparisons.”>*® A pole figure is a plot that shows the orientation
distribution of a particular Bragg reflection and provides information on the texture of the thin
film.

The X-ray diffraction samples were prepared under identical conditions as the FET
devices. Thin films of P3HT-Br10 (~100 nm) were spun coat from chloroform onto OTS-treated
Si/Si0; substrates and subjected to the same five processing conditions mentioned above: 1. As
cast, 2. Crosslinked (XL), 3. Crosslinked and then annealed (XL and then AN), 4. Crosslinked
and annealed at the same time (XL and AN together), 5. Annealed (AN). To obtain the complete
pole figure, we had to collect two sets of data, one in the grazing incidence geometry (where the
sample is horizontal) and the other in the local-specular geometry (where the sample is tilted to
satisfy the specular geometry for that particular Bragg reflection).'* For quantitative comparisons
among all the samples, the data was corrected for the distortion by the area detector, polarization,
X-ray absorption, beam intensity, scan duration and sample thickness.

For the grazing incidence measurement, the angle of incidence (~0.12°) was carefully
chosen to allow for complete penetration of the X-rays into the polymer film but not into the Si
substrate. Figure 7.9 shows the 2D grazing incidence X-ray scattering (GIXS) patterns of the as
cast P3BHT-Br10 film and the sample that was crosslinked and annealed simultaneously. The 2D
image map can be divided into a component in the plane of the substrate (qx) and a component
perpendicular to the substrate (q,). Similar to P3HT,”” P3HT-Brl0 samples displayed three
strong (h00) peaks, and they exhibited obvious anisotropic orientation with the strongest peak
intensity in the out-of-plane (q,) direction. The (010) peak at q = 1.7 A™ (d = 3.8 A) is also
present in both samples and corresponds to the m-stacking distance between polymer chains.
Qualitatively speaking, the two samples essentially showed the same GIXS pattern. In fact, this
was true for all five samples, which showed almost identical GIXS patterns despite being
subjected to different processing conditions (see SI). This means that neither crosslinking nor
annealing changed the overall crystallite orientation and lattice spacings of the P3HT-Br10 thin
film.

However, simply comparing the grazing incidence patterns did not allow us to draw any
conclusions regarding the relative crystallinity of the P3HT-Br10 samples processed under the
five different conditions. This was because of the large beam footprint as well as the inaccuracy
of the grazing incidence measurement near the pole (where q, ~ 0 A™).' It was necessary to
collect additional diffraction data at the local-specular geometry, where the sample is tilted so
that the incidence angle satisfies the Bragg condition of a specific diffraction peak. The specular
diffraction measurement was performed at both the (100) Bragg reflection and the (200) Bragg
reflection for each sample. The original rectangular detector coordinates (X, z) were converted to
polar coordinates (1, %) so that we could extract the signal from an annular region for a selected
Bragg ring. For the (100) reflection, the region selected was from r=0.2 A™ to r = 0.5 A™. For
the (200) reflection, we integrated from r = 0.7 Attor=0.85A™ For each Bragg peak, we had

112



two I(x) plots, one from the grazing incidence measurement and one from the local-specular
measurement. The two I(y) figures were scaled and merged at y ~10°, giving the final pole figure
as shown in

. The intensity near the pole (y < 10° i.e. in the out-of-plane direction) came from data
collected at the local-specular geometry whereas the intensity at y > 10° corresponded to data
from the grazing incidence measurement.

a) g, (A7)

-4 0 1

Figure 7.9 2D grazing incidence X-ray scattering patterns of a) as cast and b) crosslinked and annealed P3HT-Br10
films.

shows the pole figures for the (100) and (200) Bragg reflections of the as cast sample
and the sample that was crosslinked and annealed simultaneously. The intensity of the x-ray
diffraction signal was plotted in a semi-log scale against x, which was the degree of orientation
of the crystallite. First, we observed that the x dependence of the two samples were very similar.
The y dependence was also consistent across the (100) and the (200) Bragg reflections. For both
samples and for both Bragg reflections examined, the signal was strongest near the pole where
was small, which indicated that most of the crystalline polymer chains were oriented out-of-
plane, perpendicular to the substrate. In the region where y > 15° the signal became
exponentially smaller and the y dependence was much weaker. Second, comparing

a and 7.4b, it is clear that the signal-to-noise ratio was higher for the (100) Bragg
reflection. However, we note that the pole figure of the (200) Bragg reflection is generally more
accurate because of its distance from the direct beam. The intensity of the (100) Bragg peak was
distorted by reflection from the beam stop (see Figure 7.9), which was difficult to subtract. For
this reason, we chose to use the pole figures from the (200) Bragg reflections of the five samples
for quantitative comparison. Nonetheless, the data from the (100) Bragg peak showed a similar
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trend in all the samples, and the comparison using the (100) reflection is included in the
supporting information.

The intensity of the pole figures in

had been corrected for sample thickness, beam intensity, and other distortions.
Therefore, we could directly compare the intensity of the signals of the two plots. The
crosslinked and annealed sample had much higher diffraction intensity across all i, which meant
that this sample had a higher degree of crystallinity than the as cast sample. To obtain the relative
degree of crystallinity for each sample, we integrated the area under the curve of the pole figure
from y = 0° to = 90°. Figure 7.11 shows the results of the integration of the pole figures from
the five samples. For comparative reasons, we also illustrate in Figure 7.11 the corresponding
FET mobility of each sample. This master graph shows a clear correlation between the charge
mobility and relative crystallinity of the samples, where a higher degree of crystallinity led to
better FET performance. Processing conditions had a huge effect on the microstructural order of
the thin film, which in turn determined the charge carrier mobility of the sample.
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Figure 7.10 Comparing pole figures of the as cast P3HT-Br10 sample and the sample that was crosslinked and
annealed at the same time (XL = crosslinked, AN = annealed). a) Pole figure from the (100) peak. b) Pole figure
from the (200) peak.
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These results suggest that crosslinking did not disrupt the overall degree of crystallinity
of the polymer film, as the crosslinked sample had a similar DOC to the as cast sample. The lack
of FET activity may be due to the generation of Br radicals during crosslinking which could have
damaged the electronic property of the polymer. As mentioned above, some FET activity could
be recovered by subsequent thermal annealing of the crosslinked sample. However, there was
little change in crystallinity upon annealing a crosslinked sample. This was most likely because
the 3D structure of the P3HT-Br10 was locked in during crosslinking, and annealing the sample
above the glass transition temperature of the polymer did not induce the formation of crystalline
domains. We also attempted to first anneal the sample and then photo-crosslink. However, this
procedure did not lead to effective crosslinking of polymer chains. In other words, crosslinking
had to be performed before the polymer chains were organized into regular crystal structures.
This finding has implications on the crosslinking mechanism of this material, which is currently
under investigation.

To circumvent the problem of locking in the 3D morphology too early and to achieve
effective crosslinking, we attempted to simultaneously crosslink and anneal the P3HT-Br10 film.
This processing condition led to effective crosslinking of the polymer film and afforded FET
devices that were better than as cast devices but not as good as annealed devices. More
importantly, this trend was correlated well with our crystallinity measurements, where the
sample that was crosslinked and annealed together possessed a degree of crystallinity that was in
between that of the as cast sample and the annealed sample. Therefore, this new processing
condition preserved a high degree of crystallinity in the thin film and was an effective way to
achieve high FET mobility.
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Figure 7.11 FET mobility of P3HT-Brl0 thin films processed under five different conditions and their relative
degree of crystallinity (DOC) obtained from integrating their corresponding pole figures from their (200) Bragg
peak.
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7.3 Conclusions

In conclusion, we investigated the effect of thermal annealing and UV-initiated
photocrosslinking on the FET performance and microstructural order of the photocrosslinkable
P3HT-Brl0 material. Crosslinking did not disrupt the overall crystallinity of the polymer thin
film, but the photocrosslinking process likely damaged the electronic integrity of the material,
leading to an inactive FET device. Annealing after crosslinking partially recovered some FET
activity but did not affect the microstructural order of the polymer film since the 3D morphology
had been locked in during the first crosslinking step. In addition, we discovered that annealing
and crosslinking simultaneously was a successful method to preserve polymer crystallinity while
also achieving effective crosslinking. Using a newly developed quantitative X-ray analysis
technique, our study established a clear correlation between FET charge mobility and thin film
crystallinity.

7.4 Experimental

7.4.1 Synthetic Details

All chemicals were purchased from Aldrich and used without further purification unless
stated otherwise. All reactions were performed under nitrogen in glassware that had been flame
dried under vacuum. All compounds were characterized by *H NMR (400 MHz) and **C NMR
(75 MHz) on a Bruker AVB 400 or AVQ 400. High-resolution mass spectra and elemental
analysis (CHNS) was performed at the University of California, Berkeley Department of
chemistry analytical services. Polymer *H NMR (500 MHz) were obtained on Bruker DRX 500.
For polymer molecular weight determination, polymer samples were dissolved in HPLC grade
dichlorobenzene at a concentration of 1 mg/ml and stirred overnight at room temperature prior to
filtering through a 0.2 pum PVDF filter and SEC was performed using HPLC grade
dichlorobenzene at a flow rate of 0.8 uL/min on two 300 x 8 mm linear S SDV, 5 micron
columns (Polymer Standards Services, USA Inc.) at 70 °C using a Waters (Milford, MA) 2690
separation module and a Waters 486 Tunable Absorption Detector monitored at 350 nm. The
instrument was calibrated vs. polystyrene standards (1,050 — 135,000 g/mol) and data was
analyzed using Millenium 3.2 software.

7.4.2 Thin Film Characterization

Grazing-Incidence X-ray Scattering (GIXS): GIXS experiments were conducted at the
Stanford Synchrotron Radiation Laboratory on beamline 11-3. The sample is irradiated at a fixed
incident angle on the order of a tenth of a degree and the GIXS patterns are recorded with a 2-D
image detector (MAR345 image plate detector). GIXS patterns were recorded with an X-ray
energy of 12.72 keV (A=0.975A). To maximize the intensity from polymer sample, the incident
angle (0.1° - 0.12°) was carefully chosen so that the X-ray beam penetrates the polymer sample
completely but not the silicon substrate. Typical exposure times were 90-180 sec. To produce
identical surface condition as samples for FET device fabrication, the Si0,/Si substrate was
treated with OTS before spin coating the polymer. The GIXS samples were prepared by spin-
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coating the same solutions used for making FET devices onto silicon substrates at 1200RPM for
60s. The substrates were placed directly on top of a hot plate under Nitrogen for thermal
annealing and they were placed under a hand-held UV lamp for photocrosslinking.

Atomic force microscopy (AFM): AFM was performed to study the surface morphology of the
P3HT-Br10 films. Topographical and phase images were obtained concurrently using a Veeco
Multimode V AFM in tapping mode using RTESP tips.

7.4.3 Additional Figures

Out-of-plane

a~1.6 nm

¢ ~0.38 nm

Figure 7.6. Schematic of the organization of P3HT-Br10 chains relative to the substrate and domain spacing.
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Figure 7.7. Output and transfer curves of P3HT-Br10 FET devices processed under 5 different conditions (XL =

crosslinked, AN = annealed).
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Figure 7.8. 2D GIXS patterns of P3HT-Br10 samples processed under 5 dlfferent conditions. (XL = crosslinked,
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Figure 7.9. (left) Pole figures from the (100) Bragg reflection of P3HT-Br10 thin films processed under 5 different
conditions ((XL = crosslinked, and AN = annealed). (right) Correlation of FET mobility and relative degree of
crystallinity (DOC) estimated from integration of the pole figures on the left.
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Figure 7.10. AFM images of P3HT-Br10 thin films processed under 5 different conditions. (XL = crosslinked, and
AN = annealed)
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