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Abstract
Synthetic Control of Organic Semiconductor Excited States
by
Tabitha Ann Clem
Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor Jean M. J. Fréchet, Chair

This work describes the synthesis, and study of new organic and organometallic
compounds designed to possess modified excited states for applications in electronic
devices, with a particular focus on photovoltaics. The first chapter introduces the origin
of semiconducting behavior in conjugated polymers, and how the properties of these
semiconductors ultimately impact the fundamental physical processes occurring in
organic electronic devices. The second chapter describes the synthesis, optoelectronic
properties, and photovoltaic performance of a small molecule oligothiophene analog that
possesses a considerable redshift in absorption relative to an unmodified oligothiophene.
This redshift in absorption is the result of using a fused thiophene unit that acts as a
driving force to enable dearomatization of the oligothiophene unit. The third chapter
describes the preparation of wide band gap, phosphorescent cyclometalated platinum
polymers and their application to bilayer photovoltaic devices where an increase in
photocurrent is observed, and is attributed to an increase in the exciton diffusion length
arising from formation of triplet excitons. The fourth chapter presents further
development of cyclometalated platinum polymers, with a focus on tuning the
photophysical properties and studying these materials in bulk heterojunction photovoltaic
devices. The fifth chapter presents a study of cyclometalated platinum and iridium small
molecules, describing their photophysical properties and solid-state structure, and
exploring the application of these complexes to light emitting diodes. The final chapter
describes the development of polythiophenes containing highly polarizable functional
groups, with particular attention to the effect of these modifications on the optoelectronic
properties and the dielectric constants of the resulting polymers. Together, these chapters
present a study encompassing the modification of excited states in organic
semiconductors, beginning with light absorption, continuing to modification of the spin
state of the exciton, and ultimately modifying the dielectric constant of the active layer
materials to affect charge separation and transport. Utilizing materials developed based
on these principles provides an attractive new route to altering and enhancing the basic
steps involved in the operation of organic electronic devices, ultimately producing both
an improved understanding of the mechanism of device operation, and improved device
performance.
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Chapter 1: Organic Electronics
Organic Semiconductors

Initial research into m-conjugated polymers began with the discovery of metallic
character in doped polyacetylene, leading to an eventual Nobel Prize in chemistry for
Alan Heeger, Alan McDairmid, and Hideki Shirakawa.' Although initial work focused
on the metallic properties of these materials in their “doped”, or partially oxidized state,
in more recent history research in n-conjugated molecules has focused on developing the
semiconducting properties of these materials in their neutral form. Organic
semiconductors are particularly desirable as a low-cost replacement for traditional
inorganic semiconductors in electronic devices”®. While the intrinsic cost of certain
inorganics are expected to remain high and even increase based on a low natural
abundance, optimization of processing conditions can potentially drive the expense of
organic semiconductors increasingly lower. Further, organic semiconductors can be
made soluble in organic or aqueous systems, enabling them to be processed
inexpensively using inkjet printing’® or roll-to-roll fabrication” '°. The potential for low
cost, straightforward device fabrication, combined with the highly tunable properties of
organic semiconductors, make these materials worthy of significant investigation into
their material and chemical properties.

Successful tuning of the properties of n-conjugated materials for electronic
devices relies on an understanding of both the operating mechanism of the targeted
device, and an understanding of the structure-property relationships in m-conjugated
materials. The following chapter addresses the origin and modification of
semiconducting behavior in w-conjugated materials, as well as the fundamental processes
occurring in organic photovoltaic (OPV) devices.

n-Conjugated Materials as Semiconductors

The origin of semiconducting behavior in n-conjugated materials can best be
understood by considering the molecular energy levels of oligo(acetylene)s of increasing
length. Figure 1 shows a schematic of energy levels in 1,3-butadiene, as well as the
effect of adding additional conjugated units to the molecule. As the conjugation length of
the small molecule is increased, there are increasing numbers of orbitals beneath the
HOMO and above the LUMO. Additionally, the energy difference between the HOMO
and the LUMO decreases. When this is extrapolated to a polymer such as polyacetylene,
there are sufficient occupied and unoccupied orbitals to resemble the valence and
conducting band of an inorganic semiconductor. Further, the energy difference between
the HOMO and the LUMO is sufficiently small for the material to be considered a
semiconductor. While polyacetylene is seldom used for electronic applications, this
concept can be applied to other materials based on arene derivatives.
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Figure 1. Energy Diagram of Acetylene-Based Materials
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Aromatic systems such as benzene'', thiophene'*'*, pyrrole', and others have

seen extensive use in organic semiconductors. Visible light absorption and
semiconducting behavior arises and varies with changing the length of the molecule as
well as the structure of the conjugated units.

OPYV Device Operation

Successfully designing materials to modify and enhance the fundamental physical
processes occurring in an OPV requires first an understanding of the mechanism of
device operation. The mechanism of photocurrent production in an OPV is shown
schematically in Figure 2. Photocurrent begins with absorption of light in either a donor
(p-type) or acceptor (n-type) material to form an exciton (1). In organic semiconductors,
tightly-bound electron-hole pairs (excitons) are formed. This exciton migrates randomly
through a material until it reaches an interface between donor and acceptor materials (2).
Once at the interface, the exciton will be split across the donor and the acceptor to form a
geminate pair'® (3). This Coulombically bound species then splits into free charge
carriers, which migrate to their respective electrodes under the influence of the built-in
electric field from the two electrodes (4).

1 2 3 4

Figure 2. OPV Device Operation



Measuring the overall efficiency of this process gives the power conversion
efficiency (PCE) of the device. The PCE, or 7, is the ratio of the power extracted from
the photovoltaic device and the power from the light incident upon the device. The
equations associated with PCE are shown in Equation 1. The incident power (Pjign;) is
generally based upon the AM 1.5G spectrum, a standard that considers the photon flux
expected on the surface of the earth in North America. The intensity of this light is
usually given as 100 mW cm™. Device testing is carried out by illuminating the device
and measuring the current produced; a potential is applied against the flow of current
until there is no net current flowing out of the device. OPVs are diodes; the equations
describing their efficiency reflect this fact. The P,y is determined by the maximum
power point, as shown in Figure 3. A more informative form of Equation 1 takes into
consideration not only the maximum power point, but also the fill factor (FF) which is a
measurement of the quality of the diode. The fill factor is the ratio between the small
blue square and the larger gray square shown in Figure 3. This value, taken with the
largest current obtained (Js or short-circuit current density) and the potential at which
photocurrent is no longer observed (V. or open-circuit voltage) gives the power
extracted from the device.

PCE :77 — Pout —

light

pr X Jmpp — Voe X o X FF FF = Vmpp Xszw
Plight Bight Voc X Jsc

Equation 1. Power Conversion Efficiency

J(mA/cm?)
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\ max power point
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Figure 3. J-V Curve for an OPV Device

Band Gap Control for OPVs

Examining the photovoltaic mechanism more closely, it becomes apparent that
the first critical parameter to tune is the light absorption of the active layer. Tuning this
property has been envisioned in a variety of ways'’. Donor-acceptor copolymers, where
an electron-rich “donor” unit and an electron-withdrawing “acceptor” unit are



copolymerized to yield a conjugated polymer, are attractive materials for organic
electronics for a variety of reasons. The synthetic ease of developing orthogonally
functionalized coupling partners makes it possible to develop and study a wide range of
structures that are varied in a controlled manner. Further, donor-acceptor copolymers
exhibit optical band gaps and electronic properties that can be tuned by varying either or
both the donor and acceptor unit, giving access to a broad range of materials properties.
This is particularly critical given the limited overlap with the solar spectrum seen for
high-performing homopolymers used in photovoltaics. While n-conjugated
homopolymers exhibit a lower band gap relative to their small molecule counterparts
primarily as the result of extended delocalization along the polymer backbone, the
mechanism by which lower band gaps are achieved in donor-acceptor polymers is
primarily based on preferential localization of the HOMO of the polymer to the donor
unit, and the LUMO of the polymer to the acceptor unit. This is shown schematically in
Figure 4. It is important to note that the poor orbital overlap between the HOMO and the
LUMO can result in lowered absorption coefficients'™ 19, on the order of 107 cm'l,
though not all donor-acceptor copolymers exhibit this problem®. The extent to which
lowered absorption coefficients are detrimental to device performance is unclear because
only normalized absorption spectra are reported for most materials.
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Figure 4. Orbital Mixing to Decrease Band Gap in Donor-Acceptor Polymers

A wide variety of donor and acceptor units have been used in the literature.
Commonly used acceptor units studied include thienopyrazine'® *'**, quinoxaline*'*>2*,
and benzothiadiazole, the structures of which are shown in Figure 5. The acceptor unit
that has shown the most promise in high-performing systems is benzothiadiazole. The
origin of the exceptional performance of benzothiadiazole copolymers may be based on a
number of factors. First, a pendant five-membered ring is expected to show decreased
steric interactions with adjacent aromatic units on the polymer chain relative to a pendant
six-membered ring. Units such as quinoxaline and thienopyrazine are therefore expected

to have increased steric interactions with adjacent repeat units as compared to



benzothiadiazole. The decreased steric interactions anticipated for benzothiadiazole may
lower the band gap and favor delocalization along the polymer backbone by favoring a
coplanar orientation of adjacent repeat units. The strong dipole moment of donor-
acceptor copolymers is believed to facilitate charge separation. The dipole moment of
benzothiadiazole® (1.79 D) is more than three times that of another common acceptor
quinoxaline®® (0.55 D), and this considerably larger dipole moment for benzothiadiazole
can lead to a more polarized excited state, promoting charge separation.
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Figure 5. Chemical structures of (a) quinoxaline, (b) benzothiadiazole and (c)
thienopyrazine

Several polymers utilizing a benzothiadiazole acceptor have achieved efficiencies
greater than five percent, as have copolymers of dithienylbenzothiadiazole. The
optoelectronic properties and photovoltaic performance of several donor-acceptor
copolymers using a fused biphenyl derivative as part of the donor unit and a
benzothiadiazole acceptor are summarized in Table 1. Fused biphenyl derivatives are
attractive building blocks in these copolymers for a number of reasons. Covalently
linking the adjacent phenyl rings forces them into a coplanar confirmation, which is
favorable for delocalization along the polymer backbone. Moreover, the nature of the
connecting atom can potentially have profound effects on the properties of the resulting
polymer, since both the electronegativity and the geometry of the connecting atom can
modify the electronic properties and the n—n stacking of the polymer. In comparing the
optoelectronic and photovoltaic properties of the fused biphenyl-based donor-acceptor
copolymers, a number of trends begin to emerge. All of these polymers posses a
camelback absorption, with one absorption peak at shorter wavelengths and one at longer
wavelengths. With the exception of P1, the best photovoltaic devices are obtained with
these materials in blend films less than 100 nm thick. More detailed studies of P1 have
shown that internal quantum efficiency (IQE) is close to 66% for films up to 140 nm
thick; thicker films show a decrease in IQE.

Table 1. Properties of donor-acceptor copolymers using fused biphenyl repeat units

N N
\
DaVavla=a
S
X ST

Polymer P P20 P3®
X C(Cl()Hz])z NCH(C8H17)2 Si(Can)z
E, (eV) 1.9 1.88 1.85
HOMO (eV) -5.4 -5.49 -5.73
LUMO (eV) 35 3.64 3.88
Polymer:Fullerene | 1:4° 1:2%°/1:2° 1:2°¢




Ratio

n (%) 4.2° 4.35%6.1° 5.4>¢
Jsc (mA cm™) 7.7 9.42%/10.6° 9.5
Voc (V) 0.999 0.9%/0.88° 0.97
FF 54 51%/66"° 55
Thickness (nm) 186 60%/70° 70

3with PCgoBM "with PC-,BM “at 80 mW cm™

In addition to fused biphenyl units such as fluorene and carbazole, a number of
fused bithiophenes have also been utilized as building blocks in donor-acceptor
copolymers. Polymers based on dithieno[3,2-5:2,3-d|pyrrole, cyclopentadithiophene,
and dithienosilole have all been examined, both with and without additional thiophene
units adjacent to the acceptor benzothiadiazole. The optoelectronic properties and
photovoltaic performance of copolymers between these fused bithiophenes and
dithienylbenzothiadiazole are summarized in Table 2. The optical properties of P5 and
P6 are similar, with a slightly lower optical band gap and slightly higher HOMO
observed for P5. In contrast, P4 has a significantly larger optical band gap. The
photovoltaic performance of these polymers ranges from 2.1% to 3.43%; it is unclear
how much of the differences in are efficiency are the result of intrinsic differences
between the polymers and how much of the differences are due to the use of PC;,0BM
rather than PCgoBM; light absorption from PC7BM can lead to a significant increase in
photocurrent. While P5 and P6 have similar optoelectronic properties, a 1:1 P5:PCsBM
blend achieves an efficiency of 2.18% while a 1:1 P6:PC7BM blend attains an efficiency

of 3.43%.

Table 2. Properties of Donor-Acceptor Copolymers with Dithienylbenzothiadiazole and

Fused Bithiophenes

Polymer P4’ p5°’ P6"
X C(CH,(C,Hs)CH(CH,);CHs), | N(R), Si(C1>Has)s
E,(eV) 1.7 1.46 1.51
HOMO (eV) N/A -5.3 -5.34
LUMO (eV) N/A -3.73 3.51
Polymer:Fullerene | 1:3*¢ 1:19 1:1°
Ratio

n 2.1*° 2.18¢ 3.43°
Jsc (mA cm™) 8 9.47 10.67
Voc (V) 0.64 0.52 0.62
FF 42 44 51.8
Thickness (nm) 80 N/A 80

"PCsBM "PC70BM °with additive “with PCsoBM and R=CH(CH,(C,Hs)CH(CH,);CHj3),




Copolymers between fused bithiophenes and benzothiadiazole without additional
adjacent thiophene units have also been developed and studied in photovoltaic devices.
The optoelectronic properties and photovoltaic performances of these materials are
summarized in Table 3. Both the HOMO levels of the homopolymers based on these
fused bithiophenes and the HOMO levels of the benzothiadiazole copolymers show a
trend where the HOMO increases with the change in connecting atom according to
Si<N<C. However, the optical band gaps of the copolymers remain relatively constant
even as the central atom of the fused bithiophene is varied. These polymers exhibit
lowered band gaps and improved photovoltaic performance in comparison to the
copolymers between fused bithiophenes and di(thienyl)benzothiadiazole.

Table 3. Properties of donor-acceptor copolymers with Fused Bithiophenes and

Benzothiadiazole S
S -
S
\ /) \ /) n
X

Polymer | P7"'* P8* P9*
X C(CHa(C,Hs)CH(CH,);CH | N(CH(CsH,,); | Si(CH,(C,Hs)CH(CH,);CH;

3)2 )2
E.(eV) |145 1.4 1.45
HOMO | -5.01 -5.26 -5.37
(eV)
LUMO |-3.32 -3.39 3.6
(eV)
Polymer: | 1:2-3*/1:3 1:3 1:1°
Fullerene
Ratio
n (%) 2.67°/3.16°/5.5>¢ 2.8 5.1
Jsc (mA | 9%/11%/16.2>¢ 11.9 12.7
cm?)
Voc (V) | 0.65-0.7*"/0.62° 0.54 0.68
FF 55 44 55
Thicknes | 150-250* °/ ~200° 90 80
s (nm)

PpCsoBM °PC7oBM °with additive

The cyclopentadithiophene copolymer P7 was among the first materials to attain
efficiencies greater than 5% in a bulk heterojunction device™. This value was achieved
using PC70BM as an acceptor and an alkanedithiol processing additive. The additive
improves performance by preferentially solubilizing the fullerene and leading to slight
phase segregation in the blend. The performance of the fused bithiophene-
benzothiadiazole copolymers vary widely depending on the choice of fullerene and the
use of processing additives. The best performances are seen using PC70BM as an
acceptor, where absorption from PC70BM contributes to photocurrent in portions of the




AM 1.5 spectrum where the polymer does not absorb light. The EQEs at long
wavelengths in devices made from these polymers also vary from 0.3 to 0.4, where the
highest values are achieved for P9, followed by P7 and finally P8.

Although the photovoltaic performance of donor-acceptor copolymers varies
widely with polymer structure, choice of acceptor, and use of processing additives, there
are some general trends that can be observed. For all of the polymers discussed here with
the exception of P7 and P1, the optimal device efficiencies are found for devices less
than 100 nm thick. This is in stark contrast to P3HT:PCsBM devices, where the optimal
device thicknesses are on the order of 200 nm. Moreover, the majority of high-
performing donor-acceptor copolymers achieve their best efficiencies in the absence of
annealing, suggesting there is minimal development of ordered domains in the blend.
Together these data suggest that charge transport is less ordered in these systems as
compared to the P3HT:PCs)BM system, necessitating a thinner device for effective
charge extraction.

While benzothiadiazole has been used extensively as an acceptor unit, other
chalcogens may be substituted for the central sulfur atom of this system. This change in
the chemical structure is expected to have a significant impact on the electronic
properties of the acceptor unit, leading to profound changes in the properties of the
resulting polymer. Other chalcogens that have been utilized in place of sulfur are oxygen
and selenium. The properties of the resulting copolymers with cyclopentadithiophene are
listed in Table 4, and the properties of the dithienosilole copolymers are listed in Table 5.

Table 4. Cyclopentadithiophene Donor-Acceptor Copolymers

A RN

s N\\ Il
S
\ B\ /N
R™°R

Polymer P10 P7 P12
X o® S Se'”
R CH,(C,Hs)CH(CH,);C | CHa(C,Hs)CH(CH,);C | CH,(C,Hs)CH(CH,)

H; H; 3CH;
HOMO (eV) |-5.28 -5.01 -5.22
LUMO (eV) |-3.6 -3.32 -3.6
E, (eV) 1.47 1.45 1.35
Polymer: 1:3° 1:2-3*/1:3° 1:3°
Fullerene
Ratio
n (%) 2.5 2.67°/3.16°/5.5° 0.89
Isc(mA cm™ | 5.2 9%/11°/16.2>° 5.0
)
Voc (V) 0.78 0.65-0.7"°/0.62° 0.52
FF 0.6 55 34.3
Thickness 94 150-250™ °/ ~200¢ 60
(nm)

3PpCsoBM "PC-,BM ‘with additive




Table 5. Dithienosilole Donor-Acceptor Copolymers

NN
RS,

Polymer P13*° p9*

X 0) S

R C1Hys CH,(C,H5)CH(CH,);CH;

HOMO (eV) -5.25 -5.37

LUMO (eV) -4.07 -3.6

E,(eV) 1.4 1.45

Polymer:Fullerene | 1:2*° 1:1°

Ratio

n (%) 5.4% 5.1°

Jsc (mA cm™) 13.7 12.7

Voc (V) 0.68 0.68

FF 58 55

Thickness (nm) 100 80

"PCBM "with additive

Substitution with benzoselenadiazole in place of benzothiadiazole has been shown
to raise the HOMO of the resulting polymers, and use of this repeat unit has been shown
to lower the optical band gap slightly. Use of the markedly less electronegative selenium
in place of sulfur also leads to a lower dipole moment in benzoselenadiazole® (1.19 D) as
compared to benzothiadiazole (1.79 D). Although the literature on benzoselenadiazole-
based donor-acceptor copolymers is limited, it appears that the performance of these
materials in photovoltaic devices is compromised relative to their benzothiadiazole-
containing analogs. In the case of benzooxadiazole, substitution with the more
electronegative oxygen is found to lower the HOMO and the LUMO of the polymer; as
expected for a donor-acceptor copolymer, changing the acceptor unit has a larger impact
on the LUMO than on the HOMO. The lowered HOMO value may lead to an improved
V,. for devices made from these polymers. The benzooxadiazole unit also has a much
larger dipole moment (4.04 D*) as compared to benzothiadiazole; the larger dipole
moment for benzooxadiazole may facilitate charge separation. Recent work on
benzooxadiazole-containing donor-acceptor copolymers has shown an improvement in
efficiency relative to benzothiadiazole-containing counterparts*, indicating that
benzooxadiazole is a particularly attractive acceptor unit worthy of further investigation.

Although donor-acceptor copolymers are ubiquitous in the literature and have
held an important role in low band gap materials, other methods of lowering the bandgap
are desirable, particularly in light of the low absorption coefficients observed for donor-
acceptor copolymers. Achieving a lower bandgap in a material requires making the
aromatic-quinoid transition more favorable. This can be achieved in fused cyclic systems
by utilizing competing aromaticity of a pendant ring to drive the formation of a quinoid
structure on the conjugated backbone. One example of this is poly(isothianaphthene),



shown in Figure 5. The aromatic stabilization energy (ASE) of benzene is about 36
kcal/mol, while the ASE of thiophene is only about 29 kcal/mol.*’ The placement of the
phenyl ring in the polymer structure is such that it can only achieve a benzene-like
electronic structure when the adjacent thiophene is dearomatized. The larger ASE of
benzene serves to drive formation of a quinoid structure along the polymer backbone,
producing a much smaller band gap than seen for ordinary polythiophene. The band gap
of poly(isothianaphthene) is 1.0 eV**, while a band gap of 1.5 eV is expected to be more
ideal for photovoltaic applications®.

Investigation of other fused heterocycles has shown that the unit adjacent to the
conjugated polymer backbone does not need to have a larger ASE in order to act as a
driving force for formation of the quinoid structure. Examples of other fused thiophenes
are shown in Figure 6. In comparing these structures, it becomes apparent that the optical
band gaps of fused aromatics such as poly(3,4-b)thienothiophene™ (0.9 eV) and poly(3,4-
b)furan (1.04 eV) are at opposing ends of the ideal 1.5 eV band gap relative to the optical
band gaps of poly(thiophene)’' (2.0 V). This suggests that a copolymer including both
types of units could be particularly advantageous to developing polymers for
photovoltaics that retain a high absorption coefficient at all wavelengths.

S 0"

/ \ / \ / \
s n s n s n
Figure 6. Homopolymers from Fused Heterocycles to Yield Lower Optical Band Gaps
in Conjugated Polymers. From Left: Poly(isothianaphthene), poly(3,4-b)thienothiophene,
poly(3.,4-b)furan.

Exciton Diffusion Length in OPVs

Once light absorption has occurred, the exciton must reach an interface between
the p-type and n-type material. For this part of the photovoltaic mechanism, the exciton
diffusion length (Lp) becomes a critical parameter. The exciton diffusion lengths of most
conjugated polymers are on the order of 5-10 nm™, so in a simple bilayer device with two
layers, each approximately 50 nm thick, the exciton diffusion length becomes a critical
limiting factor in device performance (Figure 7). Alternative device structures such as
the bulk heterojunction have been developed. This device structure requires processing
both p-type and n-type materials from the same solution to yield an active layer with
more intimately mixed donor and acceptor. While this device structure has achieved
impressive efficiencies, the morphology of the active layer and the stability of this
morphology over time may present additional challenges to the optimization and
fabrication of these devices. Therefore bilayer devices remain an attractive architecture
for OPVs, but realization of their full potential requires the development of solution-
processable materials with longer exciton diffusion lengths.

10
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Figure 7. Bilayer (top) and Bulk Heterojunction (bottom) Device Structures

The exciton diffusion length is dependent on the exciton lifetime (t) and the
exciton diffusivity (D) according to the equation Lo=(tD)". The exciton lifetime is
dependent on a number of parameters, one of the most critical being the spin state of the
exciton. In fully organic materials, light absorption typically results in formation of a
singlet excited state that has a lifetime on the order of nanoseconds. For most organic
compounds, intersystem crossing to the triplet state is only weakly allowed. However,
when a heavy atom is covalently attached to an organic molecule, the intersystem
crossing becomes much more strongly allowed, producing materials with large triplet
exciton cross-sections. This internal heavy atom effect is observed for organic
compounds containing halogens such as bromine and iodine™, but is also seen for
organometallic species. Organometallic complexes containing platinum® and iridium®’,
in particular have been used to realize large phosphorescence quantum yields.

The heavy atom effect is the result of strong spin-orbit coupling in heavy atoms.
Spin-orbit coupling can be understood by considering an electron in a figure 8-like orbit
(Figure 8). The electron both orbits around the nucleus and spins on an axis. As a
moving, charged particle, the electron generates a magnetic field. Both the orbital motion
and the spin motion generate magnetic fields around the electron. If an electron in a
figure 8-like orbit is considered, at the furthest point from the nucleus, the “top” of the §,
the distance between the electron and the nucleus is large and the electron moves slowly.
However, as the electron approaches the nucleus of a heavy atom, the velocity of the
electron approaches the speed of light. The increase in the velocity of the charged
particle produces an increase in the magnetic field. This magnetic field is a vector
quantity and exerts a magnetic torque on the spin of the electron. This magnetic torque
can not, by itself, flip the spin of the electron. Total angular momentum must be
conserved. In a heavy atom, as the spin momentum begins to change, the orbital angular
momentum begins to change as well to conserve angular momentum. This is realized in
practice by the electron jumping from one orbital to another with a different orbital
angular momentum — for example, jumping from a py to a py orbital. A spin flip is
therefore most probable if an atom can accommodate a change in orbital geometry (e.g.
py —Px) at the same time as a spin flip.
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Figure 8. Spin-Orbit Coupling
Charge Separation & Transport

Charge separation in organic photovoltaics is presently understood to be a two-
step process. An exciton that has both 8" and § on either the donor or the acceptor is then
split across the donor and the acceptor, forming a neutral species where the 8" charge is
localized on the donor material and the & charge is localized on the acceptor material.
This exciton is often referred to as a geminate pair or the charge separated state. Given
that the hole and the electron are still correlated to one another, an exciton with a triplet
spin state may be advantageous to inhibiting recombination of the geminate pair to the
ground state. This geminate pair lies in a potential well (Figure 9) and experiences an
energetic barrier to formation of the fully charge separated state. This represents a
significant departure from the behavior of inorganic semiconductors, which generate free
charge carriers directly upon photoexcitation. While decay from the geminate pair to the
ground state represents a significant loss mechanism in photovoltaic devices, charge
separation is the desired process™®. When charge separation occurs, the radical cation of
the donor and the radical anion of the acceptor are formed. Charge transport occurs
under the influence of the electric field in the device, and happens via a hopping
mechanism”’.

D* AGy;,
Exciton '

Energy

(D* - A)
Geminate Pair DY+ A"

Free Charges

Reaction Coordinate
Figure 9. Reaction coordinate for charge separation in organic photovoltaics

Summary & Outlook

n-conjugated small molecules and polymers represent an attractive route to
inexpensive electronic devices. Photovoltaic devices in particular are appealing given the
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abundance of energy from the sun and the need for a clean, independent source of energy.
Furthering the performance of these devices must rely on an improved understanding of
the fundamental mechanism of photocurrent production, as guided by the study of novel
materials designed to alter and enhance those same mechanisms. Through an iterative
process, going from fundamental device operation to material design to device testing
back to fundamental device operation, structure-property relationships of conjugated
molecules can be developed. The following chapters present research into fundamental
design principles that can guide the further development of new materials as well as
advance the present understanding of the photovoltaic mechanism.
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Chapter 2: Thieno[3,4-b]thiophene — Based Small Molecules for Organic
Photovoltaics

Abstract

The synthesis, optoelectronic properties, and photovoltaic performance of a small
molecule containing a thieno[3,4-b]thiophene unit is presented. When the thieno|[3,4-
b]thiophene is incorporated into a pentathiophene analog, the absorption spectrum of the
compound exhibits a dramatic redshift relative to a soluble pentathiophene derivative that
only incorporates thiophene units. The optical band gap of the fused pentathiophene
analog is 1.8 eV, which is comparable to polythiophenes. Photovoltaic efficiencies
approaching 1.9% have been achieved with this small molecule in bulk heterojunction
devices with PC7BM.

Introduction

Organic semiconductors offer the potential for inexpensive, solution processable
devices such as solar cells'. Significant research has been focused on developing and
optimizing conjugated polymers as donor materials to pair with a fullerene acceptor, but
recent work has shown significant advances in the area of solution processable small
molecules as well.>* Solution processable small molecules may be particularly
advantageous to the development organic electronics as batch to batch variations should
be minimized as compared to polymeric materials. Efficiencies as high as 4.4% in small
molecule cells’ demonstrate that small molecules have the potential to achieve
performances comparable to those of conjugated polymers. One critical property of these
materials requiring optimization is light absorption. Given that the conjugation length of
a small molecule is generally much smaller than the effective conjugation length of a
corresponding semiconducting polymer, the light absorption of these small molecules can
be compromised relative to their polymeric counterparts. Utilizing a donor-acceptor
approach can redshift light absorption, but can also lead to decreased absorption
coefficients in conjugated molecules.® Together, these observations indicate that a means
to redshift the absorption spectrum without adversely affecting the absorption coefficient
of a conjugated small molecule is necessary to further enhance the performance of these
materials.

Conjugated polymers based on thieno[3,4-b]thiophene (Figure 1) have been
shown to have a redshifted absorption relative to thiophene-based materials.”"' This
redshift in absorption is believed to arise from a competition between the fused thiophene
units for an aromatic structure. The aromatization of the thiophene unit that is adjacent to
the conjugated backbone acts as a driving force for the formation of a quinoid form on
the rest of the molecule. Given that this approach is expected to result in minimal
localization of the HOMO and LUMO of the molecule, the barrier to formation of an
excited state is expected to be low and the absorption coefficient is therefore expected to
be high. Fused aromatic systems utilizing this approach are expected to show a
redshifted absorption spectrum relative to the non-fused counterparts, and are
furthermore expected to retain high absorption coefficients. This work presents the
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synthesis and optoelectronic properties of a thieno[3,4-b]thiophene-based small molecule,
and its application to photovoltaic devices.

SN

/ \
s”'n

Figure 1. Structure of poly(thieno[3,4-b]thiophene)
Results and Discussion
Synthesis

The structure of the thieno[3,4-b]Jthiophene-based small molecule, TT-5T, is
shown in figure 2, and the synthesis of this molecule is shown in Scheme 1. The small
molecule is readily prepared from a Stille coupling between a stannylated bithiophene
and a dibrominated thieno[3,4-b]thiophene ester. The electron-withdrawing ester
stabilizes the electron-rich thieno[3,4-b]thiophene system.

_ TT-5T
Figure 2. Structure of TT-5T
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Scheme 1. Synthesis ofTT 5T
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Optoelectronic Properties

The optoelectronic properties of TT-5T were studied in order to determine the
suitability of this small molecule for photovoltaic applications. The absorption spectra in
chloroform solution and in a thin film are shown in Figure 3. The solution spectrum
shows an absorption peak at 501 nm, showing a considerable redshift as compared to a
soluble pentathiophene with an absorption peak at 403 nm'?. This redshift of nearly 100
nm indicates the considerable capacity of the thienothiophene unit to drive the
oligothiophene to a quinoid structure. The absorption spectrum in a thin film shows the
same maximum, but Cyclic voltammetry indicates that TT-5T has an onset of oxidation
at -5.4 eV relative to vacuum. This data taken together with the solid-state absorption
spectrum indicates that the LUMO of TT-5T is at -3.6 eV relative to vacuum. Given that
the LUMO of PCsBM and PC;(BM are typically taken to be between -3.9 and -4.1 eV,
the LUMO of TT-5T is expected to provide more than sufficient offset for efficient
charge separation.
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Figure 3. Absorption Spectra of TT-5T in CHCIl; Solution (red) & Thin Film (black)
Photovoltaic Devices

Photovoltaic devices were fabricated from blends of TT-5T and PC;,BM. The
devices were optimized for blend ratio and annealing conditions. The best efficiency is
found with a 1:4 TT-5T:PC7BM ratio, with an average efficiency of 1.6% over eight
devices, with a peak efficiency of 1.86% using a Ca/Al electrode. This maximum power
conversion efficiency corresponds to a fill factor of 0.36, a V. 0f 0.75 V, and a J. of
6.87 mA cm™. The current-voltage curve of this device is shown in Figure 4.
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Figure 4. Photovoltaic Devices: TT-5T:PC70BM Blend with Ca/Al electrodes
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Conclusions

This work demonstrates the synthesis of a pentathiophene analog containing a
thieno[3,4-b]thiophene unit, and its application to organic solar cells. Notably, the
absorption spectrum of this small molecule is redshifted by nearly 100 nm relative to a
soluble pentathiophene derivative. This redshift occurs in both solution and the solid
state indicating that the redshift is not merely a result of improved packing but is rather
the result of the thienothiophene unit inducing dearomatization of the small molecule
backbone. This approach to tuning light absorption is expected to be particularly
advantageous considering that the redshift occurs without relying on donor-acceptor
systems, which lower the absorption coefficients of the resulting material. Photovoltaic
efficiencies as high as 1.86% are achieved with this molecule in bulk heterojunction
devices with PC7BM, indicating that small molecules utilizing the thienothiophene
moiety present a promising new route to increasing light absorption in small molecules
for organic solar cells. Future work in this area will focus on further tuning the spectral
overlap and optical density of these materials by modifying the nature and placement of
solubilizing groups, and by modifying the structure of the aromatic units adjancent to the
thienothiophene moiety.

Experimental
Synthesis

All chemicals were purchased from commercial sources and used without
purification unless otherwise stated. Tetrahydrofuran (THF), dichloromethane (DCM),
N, N-dimethylformamide (DMF), and toluene were dried by passing through neutral
alumina prior to use. All small molecules were characterized by '"H NMR (400 or 500
MHz) and °C NMR (100 or 125 MHz) on a Bruker AVQ 400 or DRX 500 as specified.
All NMR spectra were referenced to TMS. High-resolution mass spectroscopy and
elemental analysis (CHN) were performed at the University of California, Berkeley
Department of Chemistry analytical services laboratory. Melting points are uncorrected.
Column chromatography was performed with silica (230x400 mesh).

Methyl 4,5-bis(chloromethyl)thiophene-2-carboxylate (2): 2-thiophene carboxylic
acid methyl ester (10 g, 70.3 mmol, 1 eq) was dissolved in chloromethyl methyl ether (60
mL) and the solution cooled to 0°C. To this solution was added TiCly (23 mL, 210.9
mmol, 3 eq) dropwisely. After the addition was complete, the solution was kept at 0°C
for an additional 20 minutes then the ice bath removed and the reaction allowed to warm
to room temperature. The solution continued to stir and after two hours the reaction
mixture was poured slowly over ice. Dichloromethane was added and the organic layer
washed with water until both layers were colorless. The dichloromethane layer was dried
with sodium sulfate, the sodium sulfate removed by filtration and solvent removed under
reduced pressure to yield the product as a white solid with m.p. 72-75°C in 97% yield.
'H NMR (400 MHz, CDCl;) & 7.71 (s, 1H), 4.78 (s, 2H), 4.59 (s, 2H), 3.89 (s, 3H). "°C
(100 MHz, CDCl3) 6 161.94, 143.92, 137.15, 134.94, 132.95, 52.55, 37.52, 37.21. CHN
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Calcd. 40.18% C, 3.37% H, found 40.41% C, 3.01% H. HRMS (EI) Calcd. 237.9629,
Found 237.9622.

Methyl 4H,6H-thieno[2,3-c]thiophene-2-carboxylate (3): In a three-necked flask
equipped with a reflux condenser and addition funnel, 2 (6.65 g, 27.8 mmol, 1 eq) was
dissolved in 300 mL methanol. In a separate flask, sodium sulfide (2.26 g, 28.9 mmol,
1.04 eq) was dissolved in 200 mL methanol. The solution of 2 was heated to 65°C, and
the sodium sulfide solution was added dropwise to the gently refluxing solution of 2.
After the addition of the sodium sulfide solution was complete, the reaction was heated to
reflux for an additional five hours. The reaction was then cooled to room temperature
and concentrated under reduced pressure to yield 100 mL of solution. The concentrated
reaction mixture was then poured over rapidly stirring ice water and allowed to stir
overnight. The following day the product was collected as an off-white solid with m.p.
99-102°C in 87% yield. "H NMR (400 MHz, DMSO-Dg) & 7.52 (s, 1H), 4.15 (t, 2H),
3.98 (t, 2H), 3.56 (s, 3H). "*C (100 MHz, DMSO-Ds) & 162.26, 147.09, 144.61, 136.59,
128.79, 52.65, 33.15, 32.75. HRMS (EI+) for CgHgO,S, Caled. 199.9966, found
199.9969. CHN Calcd. 47.98% C, 4.03% H, found 47.94% C, 3.67% H.

4H,6H-thieno[2,3-c]thiophene-2-carboxylic acid (4): Potassium hydroxide (2.0 g, 35.8
mmol, 2 eq) was dissolved in 100 mL water. To this solution was added 3 (3.59 g, 17.92
mmol, 1 eq), and the reaction mixture was heated to reflux overnight. The next day, the
reaction was filtered to remove unreacted ester, and then the filtrate acidified to
precipitate the carboxylic acid 4 as a tan solid with m.p. 214-216°C (dec.) in 64% yield.
'H NMR (400 MHz, DMSO-Dy) & 7.2 (s, 1H), 4.2 (s, 2H), 4.4 (s, 2H). HRMS (EI+) for
C7H60,S, caled. 185.9808, found 185.9809. CHN Calcd. 45.14% C, 3.25% H, found
44.20% C, 3.37% H.

5-Ox0-5,6-dihydro-4H-5A"thieno[3,4-b]thiophene-2-carboxylic acid (5): To 30 mL
of water was added sodium periodate (2.89 g, 13.53 mmol, 1.2 eq) and the solution was
cooled to 0°C. To this solution was added 4 (2.1 g, 11.27 mmol, 1 eq) in one portion, and
sodium carbonate (1.34 g, 12.62 mmol, 1.12 eq) in several portions. The reaction was
kept at 0°C and allowed to warm to room temperature slowly overnight. The next day the
reaction was filtered and then acidified to precipitate the product, which was then
collected by filtration to yield a pale tan solid with m.p. 184-186°C (dec.) in 85% yield.
'H NMR (400 MHz, DMSO-Dy) & 7.45 (s, 1H), 4.1 (s, 2H), 4.35 (s, 2H). HRMS (EI+)
for C7HsO3S, caled. 201.9758, found 201.9761. CHN Caled. 41.57% C, 2.99% H, found
40.53% C, 2.52% H.

Thieno[3,4-b]thiophene-2-carboxylic acid (6): In a dry three-neck flask 5 (1.0 g, 4.94
mmol, 1 eq) was dissolved in acetic anhydride to form a 0.28 M solution. The solution
was degassed by three cycles of freeze-pump-thaw and then heater to reflux for 2.5 hours.
The solution was then cooled to room temperature and the solvent removed under
reduced pressure. After removal of the solvent, the flask was cooled to 0°C and 10 mL
THF and 10 mL of a 1 M NaOH solution were added to the reaction mixture. The
solution was allowed to stir overnight, slowly warming to room temperature. The
product was isolated by removing the THF under reduced pressure and acidifying the
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aqueous layer. The product was then extracted into ethyl acetate, the organic layers
combined, dried, and the solvent removed under reduced pressure to yield the product as
a brown solid with m.p. 181-184°C in 65% yield. 'H NMR (400 MHz, DMSO-Dy) &
7.35 (d, 1H), 7.12 (s, 1H), 7.09 (d, 1H). °C NMR (100 MHz, DMSO-D¢) & 164.42,
146.06, 140.62, 138.95, 124.01, 118.66, 113.12. HRMS (EI+) for C;H40,S, Calcd.
183.9653, Found 183.9655. CHN Calcd. 45.63% C, 2.19% H. Found 45.37% C, 2.52%
H.

4,6-dibromothieno[3,4-b]thiophene-2-carboxylic acid (7): In a dry flask under
nitrogen and in the dark, carboxylic acid 6 (0.55 g, 2.99 mmol, 1 eq) was dissolved in
DMF to yield a 0.7 M solution. In a separate flask, N-bromosuccinimide (1.17 g, 6.57
mmol, 2.2 eq) was dissolved in DMF to yield a 1.6 M solution. The solution of N-
bromosuccinimide was added to the carboxylic acid solution dropwise and the reaction
mixture heated to 40°C overnight in the dark. The next day, the reaction was cooled to
room temperature and poured over an aqueous solution of sodium bisulfite at 0°C. The
reaction was filtered to yield the product as a brown solid in 38% yield. "H NMR (400
MHz, DMSO-Dg) 6 7.59 (s, 1H). LRMS (EI+) for C7H,Br,0,S; caled. 342, found 342.

3,7-dimethyloctyl 4,6-dibromothieno[3,4-b]thiophene-2-carboxylate (1): 4,6-
dibromothieno[3,4-b]thiophene-2-carboxylic acid (0.350 g, 1.02 mmol, 1 eq) was
dissolved in anhydrous dichloromethane (5 mL). To this solution was added 3,7-
dimethyl-1-octanol (0.807 g, 5.1 mmol, 5 eq),4-(dimethylamino)pyridine (0.045 g, 0.36
mmol, 0.35 eq), and N,N'-dicyclohexylcarbodiimide (0.252 g, 1.22 mmol, 1.2 eq). The
solution was stirred overnight at room temperature, and filtered and washed with
dichloromethane the following day. The filtrate was concentrated and applied to a silica
column (10% ethyl acetate in hexanes) and the product eluted as the top spot to give a
reddish oil in 65% yield. "H NMR (400 MHz, CDCls) & 7.53 (s, 1H), 4.35 (t, 2H), 1.77
(m, 1H), 1.56 (m, 1H), 1.30 (m, 2H), 1.16 (m, 2H), 0.94 (m, 3H), 0.87 (m, 6H). °C
NMR (100 MHz, CDCl3) 6 162.36, 145.56, 141.09, 140.40, 123.14, 102.21, 97.10, 64.64,
37.05, 35.35, 29.86, 27.93, 24.58, 22.68, 22.58, 19.56.

3,7-dimethyloctyl 4,6-bis[5-(thiophen-2-yl)thiophen-2-yl]thieno[3,4-b]thiophene-2-
carboxylate (TT-5T): 3,7-dimethyloctyl 4,6-dibromothieno[3,4-b]thiophene-2-
carboxylate (0.200 g, 0.415 mmol, 1 eq) was dissolved in a mixture of toluene (3 mL)
and DMF (1 mL). To this solution was added trimethyl[5-(thiophen-2-yl)thiophen-2-
yl]stannane (0.314 g, 0.954 mmol, 2.3 eq) and palladium (0) tetrakis(triphenylphosphine)
(10 mg, 0.008 mmol, 0.02 eq). The solution was purged with nitrogen for 20 minutes,
and heated to 100°C overnight. The solution was cooled to room temperature and the
reaction mixture poured into methanol to precipitate the crude product. The solid was
then redissolved in dichloromethane, filtered through celite, and reprecipitated into
methanol to give the product as a dark red solid in 73% yield. 'H NMR (500 MHz,
CDCls) 6 7.90 (s, 1H), 7.24 (m, 2H), 7.19 (dd, 2H), 7.07 (m, 6H), 4.37 (d, 2H), 1.83 (d,
1H), 1.57 (m, 3H), 1.33 (m, 3H), 1.18 (m, 3H), 0.98 (d, 3H), 0.87 (d, 6H). °C NMR
(126 MHz, CDCl3) 6 162.71, 141.37, 140.19, 137.70, 136.91, 136.86, 136.72, 136.08,
134.10, 134.06, 128.06, 127.99, 126.89, 125.42, 124.95, 124.72, 124.56, 124.50, 124.35,
124.07, 123.90, 121.27, 64.63, 39.23, 37.19, 35.51, 30.04, 28.00, 24.70, 22.76, 22.67,
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19.69. HRMS (FAB) calcd. for C33H3,0,S¢ 652.0727, found 652.0725. CHN Calcd.
60.70% C, 4.94% H. Found 59.91% C, 4.85% H.

Trimethyl[5-(thiophen-2-yl)thiophen-2-yl]stannane (3): 2,2°-Bithiophene (3.99 g, 24
mmol, 1 eq) was dissolved in anhydrous THF (150 mL) and cooled to -78°C. To this
solution was added 9.6 mL of a 2.5 M solution of n-butyllithium (24 mmol, 1 eq). The
reaction was allowed to stir at -78°C for one hour, and then 24 mL of a 1.0 M solution of
trimethyltin chloride (24 mmol, 1 eq) was added. The reaction was allowed to warm to
room temperature overnight, and the following day the reaction mixture was poured over
aqueous 1M potassium hydroxide. The product was extracted into ether, the organic
layers combined and dried with magnesium sulfate, then the magnesium sulfate removed
by filtration. The solvent was removed by rotary evaporation to yield the product as a tan
oil in 62% yield. '"H NMR (400 MHz, CDCl3) & 7.27 (d, 1 H), 7.16 (m, 2H), 7.08 (d, 1H),
6.99 (dd, 1H), 0.37 (m, 9H). *C NMR (101 MHz, CDCl5) § 143.0, 137.6, 137.2, 136.0,
127.9, 125.1, 124.3, 123.7, -8.1. CHN Calcd. 40.15% C, 4.29% H. Found 39.87% C,
4.09% H. LRMS (EI+) for C;1H14S,Sn calcd, 342, found 342.

Optical and Electronic Characterization

Cyclic voltammetry (CV) was performed using a Solartron 1285 potentiostat. The
cyclic voltammograms were measured in dichloromethane solution with a Pt wire
working electrode. All measurements were performed using a silver wire pseudo-
reference electrode, a platinum auxiliary electrode, and were referenced to the
ferrocene/ferrocenium couple, which was taken to be -5.1 eV relative to vacuum.
Tetrabutylammonium tetrafluoroborate (NBusBF,) was the supporting electrolyte for all
measurements. UV-Visible absorption spectra were obtained using a Cary 50 UV-Visible
spectrophotometer. For thin film measurements the small molecule was spin coated onto
untreated glass slides from chloroform solution (10 mg mL™"). A model P6700 Spincoater
was used to spin coat the films at 1500 rpm for 60 s.

13

Photovoltaic Devices

Bulk heterojunction photovoltaic devices consisted of a standard
ITO/PEDOT:PSS/TT-5T:PC7BM/Al or Ca/Al architecture. Indium-doped tin oxide
(ITO) coated glass substrates were purchased from Thin Film Devices, Inc. The
substrates (150 nm sputtered pattern, 10 Q o) were cleaned by 20 minutes of sonication
in acetone, 2 percent Helmanex soap in water, and finally isopropanol. The substrates
were then dried under a stream of air before being coated immediately with a filtered
(0.45 um GHP) dispersion of PEDOT:PSS in water (Baytron-PH) via spin coating for 30
s at 4000 rpm. The resulting polymer layer was ~30 nm thick after baking at 140 °C for
20 min. All subsequent device fabrication was performed inside a glove box under inert
Ar atmosphere with water and oxygen levels below 1 ppm. The small molecule was
dissolved in chloroform at a concentration of 40 mg mL™'. PCBM (purchased from Nano-
C) was dissolved separately at 40 mg mL™" in chloroform and all solutions were allowed
to stir overnight. The solutions were then combined in various ratios from 1:1 to 1:6 TT-
5T:PCBM before spin casting onto the PEDOT:PSS-treated ITO at 1200 rpm for 30
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seconds. For the best devices the final concentration of TT-5T is 8 mg/mL in chloroform.
100 nm aluminum electrodes or calcium and aluminum electrodes were deposited by
thermal resistance evaporation at pressures of approximately 107 torr to complete the
device structure. The shadow mask used during thermal deposition yielded eight
independent devices per substrate each with a surface area of 0.03 cm®. Completed
devices were then tested under Ar(g) using a 300 W Thermo-Oriel Xenon arc-lamp with
flux control spectrally corrected to AM 1.5 G with one filter (Thermo-Oriel #81088). The
AM 1.5 G light was further attenuated using a 0.5 O.D. neutral density filter, and the
intensity of the AM 1.5 G light was calibrated to be 100 mW cm™ by a spectrally-
matched Hamamatsu S1787-04 photodiode (calibrated by NREL and obtained through
Nanosys Inc.). I-V behavior was measured using a computer-controlled Keithley 236
SMU.
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Chapter 3: Cyclometalated Platinum Polymers for Bilayer Photovoltaics
Abstract

The platinum-containing cyclometalated polymer F8PPyPt and its unmetalated
analog F8Py were studied in bilayer photovoltaic devices with titania acceptors in order
to determine the influence of the platinum center on photocurrent production. The
platinum atom induces strong spin-orbit coupling, making FS§PPyPt a phosphorescent,
rather than a fluorescent, conjugated polymer. The current density produced in the
F8PPyPt device is more than four times greater than the unmetalated F8Py at Ji.. This
increase in photocurrent can not be fully explained by differences in light absorption,
indicating that inducing triplet formation in conjugated polymers via attachment of heavy
atoms such as platinum is an attractive route to increasing the exciton diffusion length of
these materials.

Introduction

Semiconducting polymers potentially offer an attractive alternative to inorganic
semiconductors in electronic devices such as light emitting diodes, transistors, and
photovoltaics. Most organic materials used in photovoltaic devices form primarily
singlet excitons, which possess short lifetimes in the nanosecond regime. Given that
exciton diffusion length (Lp) is related to exciton lifetime (7) and exciton diffusivity (D)

according to the equation L, = +/7D , increasing the lifetime of the exciton should lead to

a significant increase in the exciton diffusion length. Presently most conjugated
polymers have exciton diffusion lengths on the order of 5-10 nm."* The exciton must
reach an interface between p-type and n-type materials in order to split into free charge
carriers. However, achieving a stable domain spacing between a donor and acceptor on
the order of 5-10 nm can be extremely challenging.” The large interfacial area between
p-type and n-type material in a bulk heterojunction photovoltaic device also means that
charge transport is significantly more disordered in these systems than for a bilayer
device, and the potential for bimolecular charge recombination is increased.

Triplet excitons generally have a lifetime on the order of microseconds, but do not
typically form in fully organic materials. The intersystem crossing yield for an organic
material can be greatly enhanced by the presence of heavy atoms such as platinum and
iridium.>® Spin-orbit coupling allows for greater mixing between singlet and triplet
states in an organic material that incorporates these heavy atoms. If the lifetime of an
exciton were to be increased from the nanosecond regime into the microsecond regime, it
can be anticipated that such an exciton will have a diffusion length on the order of ~150
nm, assuming the diffusivity remains constant. Even if the diffusivity of the exciton
decreases by an order of magnitude, the increased diffusion length (~50 nm) should
provide a significant advantage to photocurrent generation in a bilayer photovoltaic
device.

Photovoltaic devices using evaporated small molecules present significant
evidence that increasing the lifetime of an exciton can increase the diffusion length, and
therefore increase the photocurrent. Work by Terao et al has demonstrated a positive
correlation between excited state lifetime and J, in a bilayer device in evaporated
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phthalocyanine/Cgo devices.” Further, time-dependent photocurrent studies indicate that a
palladium-containing porphyrin derivative produces increased photocurrent relative to
unmetalated analogs, and that this photocurrent increases over a longer period of time,
indicating that long-lived excitons are contributing to device operation.® In order for the
advantages associated with increasing exciton diffusion length to be fully realized in
organic photovoltaics, triplet-forming materials need to be developed that are solution
processable. Conjugated polymers present an attractive route to developing a solution
processable source of triplet excitons. Further, while increasing the exciton diffusion
length of a material may be beneficial in a bulk heterojunction device, it is expected to be
primarily advantageous in a bilayer device.

Bilayer photovoltaic devices not only provide a platform in which to potentially
achieve high efficiencies as the result of facile charge transport, they also present an
appealing platform in which to better understand the behavior of a material without the
need to consider the degree of mixing between p-type and n-type materials. Fabricating a
true bilayer device is not trivial. Obtaining conjugated materials with orthogonal
solubility is a challenge’, and evaporated small molecules can diffuse into a conjugated
polymer layer even at room temperature.'’ Using TiO; as the electron acceptor provides
an attractive route to forming a strict bilayer device. The TiO, can be processed into a
smooth film starting from a soluble precursor using a sol-gel technique. Once the TiO,
layer is formed and fully processed, it is insoluble and provides a smooth, impenetrable
layer that cannot mix with a conjugated polymer processed on top. The TiO, bilayer
system has been utilized previously to study approaches to increasing the exciton
diffusion length in conjugated polymers."'

This work presents the study of a cyclometalated platinum polymer and an
unmetalated analogue in bilayer TiO, devices. The use of a cyclometalated complex does
not interrupt conjugation along the backbone of the polymer, making it possible to study
the effect of a heavy metal on excitons delocalized along the entire polymer backbone.

Results and Discussion
Synthesis

In order to probe the effect of triplet excitons on the photovoltaic behavior of
conjugated polymers, it is necessary to study a polymer that is known to have a
significant yield of triplet excitons. The cyclometalated platinum polymer P1, shown in
Figure 1, has been used to sense oxygen via phosphorescence quenching.'? With an
excited state lifetime of 14.4 ps, P1 presents an attractive approach to polymers with
large triplet yields. The trialkoxy-substituted diphenylketonate ligands produce a
polymer that is readily soluble in a variety of organic solvents. However for electronic
devices, a minimal amount of electronically inactive solubilizing groups is desirable in
order to maximize the contact between the semiconducting polymer backbones."
Therefore, the diphenylketonate O"O ligand used in P1 was replaced with a
dialkylketonate ligand. Copolymerization of the acetylacetonate complex 3 was found to
yield an insoluble material, so the dipivaloylmethane complex 4 was instead
copolymerized with a soluble fluorene derivative to yield F8PPyPt. The conjugated
polymers F8PPyPt and F8Py were synthesized via Suzuki coupling as shown in Scheme
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1. The cyclometalated platinum complex is formed prior to polymerization in order to
minimize the exposure of the conjugated polymer to harsh metalation conditions, and to
ensure a controlled degree of metalation in the resulting polymer. The polymers were
purified by precipitation and subsequent Soxhlet extraction with a series of solvent
ending with chloroform; the chloroform fractions were collected, concentrated, and

reprecipitated into methanol.
OCoH>4 OCoH2

C10H21O : g OC10H21
C10H210 P OC1oH21
o._.0

CgHqi7~  "CgHy7

P1
Figure 1. Previously Studied Oxygen Sensing Polymer

Using the methods of Thomas et al'2, F§PPyPt was obtained with M,, 11 kDa by

THF SEC. While the preparation of FSPPyPt has been reported previously'?, the only
characterization data presented is SEC. Given the similarities between platinum and
palladium chemistry, it is important to determine that the palladium catalyst used in the
cross-coupling polymerization does not disrupt the platinum complex on the growing
polymer chain. This work presents a more thorough characterization including NMR, IR,
and elemental analysis (see Experimental section). F8Py was obtained with M, 12 kDa
by THF SEC. The molecular weight data for the two polymers is summarized in Table 1.
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Scheme 1. Synthesis of FSPPyPt and F8Py
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Table 1. Molecular Weights of Polymers Studied

Polymer M, M., PDI
F8Py 12 kDa 43 kDa 3.7
F8PPyPt 11 kDa 28 kDa 2.6

Optical and Electronic Properties

The optical and electronic properties of the polymers were studied in order to
evaluate their suitability for use in photovoltaic devices. The absorption spectra of F§Py
and F8PPyPt in THF solution and thin films are shown in Figures 2 and 3 respectively.
F8PPyPt exhibits a slightly redshifted absorption as compared to F8Py; F8Py shows a
single absorption peak at 390 nm while F§PPyPt shows a major peak at 390 nm with a
less intense peak at 449 nm in THF solution. This change in absorption profile in
solution indicates that cyclometalation affects the optical properties of a conjugated
polymer. This may be in part because the adjacent aromatic rings are forced into a
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coplanar position by connecting through the platinum, but is also likely the result of
incorporation of the platinum orbitals. In a thin film, the absorption properties of F§Py
do not change significantly; F§PPyPt retains the two absorption peaks, but the relative
intensity of the more redshifted peak increases such that the two peaks have nearly equal
intensity. This change in relative peak intensity may indicate that the adjacent repeat
units of F8PPyPt are more freely rotating in solution, thus limiting the conjugation unit.
In the solid state however, these units do not freely rotate, thus increasing the degree to
which longer wavelength transitions are allowed. The optical band gaps of F8Py (2.9
eV) and F8PPyPt (2.6 eV) are larger than ideal for optimal overlap with the AM 1.5
solar spectrum, but the materials still absorb sufficiently in the visible portion of the
spectrum to indicate demonstrate the capacity of metalated polymers to provide an
increase in exciton diffusion length.

The HOMO and the LUMO of the polymers were also measured by cyclic
voltammetry in order to determine their potential suitability for use in photovoltaic
devices. The HOMO of F8Py was found to be -6.0 eV, while the HOMO of F§PPyPt
was found to be -6.1 eV. The similarity in energy levels indicates that the presence of the
metal has a minimal impact on the oxidation potential of these polymers. A reduction is
not observed for F8Py, but the estimated LUMO based on the optical bandgap is -3.1 eV;
the LUMO of F8PPyPt is -3.3 eV. The differences between the LUMO values are
slightly larger than the differences between the HOMO values, but the LUMO values are
still close to one another. This indicates that the fluorene and pyridine units, which are
common to both structures, dominate the electronic properties of these polymers. These
results are summarized in Table 2.

xl

Figure 2. Overlaid absorption of F8Py (black) and F8PPyPt (red) in THF solution.
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Figure 3. Overlaid absorption of F8Py (black) and F8PPyPt (red) in thin films.

Table 2. Optical & Electronic Properties of Polymers

Sample Amax, CHCl3 | Aonset, film | Eg optical | E, electronic | HOMO | LUMO
solution (eV) (eV) (eV) (eV)

F8Py 390 nm 428 nm 29eV N/A -6.0 -3.1°

F8PPyPt | 390 nm, 449 | 477 nm 2.6eV 2.8eV -6.1 -3.3%
nm

“Determined by onset of reduction "Estimated according to LUMO=HOMO-E, optical

Photovoltaic Devices

The photovoltaic performance of the polymers FSPPyPt and F8Py were
evaluated in bilayer TiO, devices according to the device architecture shown in Figure 4.
Figure 5 shows the I-V curves for devices under AM 1.5 illumination. For F8Py, the V.
is 0.31, the Jy is 0.37 pA cm™, and the fill factor is 0.28, giving a final efficiency of 3 x
107%. For the platinated polymer F8PPyPt, the V. is 0.39, the Ji is 1.63 nA cm™, and
the fill factor is 0.27, giving an overall efficiency of 1.7 x 10°°%. These results are
summarized in Table 3. The fill factor and V. of the devices remain similar between
F8Py and its platinum-containing analog. The major difference between the devices is
the Ji.. The Js. of the F8PPyPt device is roughly four times higher than that of the F8Py
device. This large increase in photocurrent can only partly be explained by the redshift in
absorption from F8Py to F8PPyPt. Based purely on the improved spectral overlap of
F8PPyPt relative to F8Py, F8PPyPt is expected to have a Js 2.36 times larger than
F8Py. However, the Ji. from the FSPPyPt device is actually 4.4 times larger than that
from the F8Py device. These values indicate that F§PPyPt has an intrinsically superior
ability to produce photocurrent. This result supports the hypothesis that increasing
exciton lifetime by using metalated polymers can lead to increased photocurrent in a
bilayer device.
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Figure 4. TiO, Bilayer Device Architecture
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Figure 5. Photovoltaic Performance of F8Py (black) and F8PPyPt (red) in bilayer
devices with TiO, under AM 1.5 illumination.

Table 3. Device Parameters

Polymer Voc Joe (LA cm™) FF n (%)
F8PPyPt -0.39 1.63 0.27 1.7x10°
FSPy 20.31 0.37 0.28 3x 107
Conclusion

This work presents the synthesis and full characterization of a cyclometalated
platinum-containing polymer F8PPyPt, and its application to bilayer photovoltaic
devices. When this polymer is used in a bilayer solar cell, it achieves short-circuit
photocurrent densities more than four times greater than that of the unmetalated control
polymer F8Py. This result presents a promising indication that using cyclometalated
polymers are a viable route to increasing intersystem crossing yields in a polymer,
increasing the exciton diffusion length and therefore the photocurrent in a bilayer device.

However, several polymer properties must be further modified in order to achieve
effective photovoltaic performance in bilayer devices. The fluorene copolymers
presented here have bandgaps greater than 2.5 eV, giving these materials poor overlap
with the AM 1.5 spectrum. In addition to poor light absorption, the wide band gap also
means there are a limited number of metal electrodes which can form an Ohmic contact
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with the HOMO of these polymers, making efficient charge extraction difficult. A more
desirable material for photovoltaics will have a significantly lower band gap in order to
harvest the large quantities of photons in the visible region of the spectrum. Additionally,
design of new metalated materials for photovoltaic applications requires HOMO and
LUMO levels suitable to split excitons into free charge carriers with a common acceptor
such as fullerene, and to form an Ohmic contact with ITO/PEDOT:PSS, a commonly
used transparent electrode. Further research in this area will focus on the development of
new materials designed to incorporate large quantities of a cyclometalated platinum
complex, while modifying the optoelectronic properties of the material towards more
optimal electronic properties for photovoltaic devices.

Experimental
Synthesis

1,4’-Dibromo-2-phenylpyridine was synthesized according to published
procedures.’ Polymers F8PPyPt was synthesized as previously reported, with additional
characterization data given below.'

Platinum(II) (1,4'-dibrom0-2-phenylpyridinato-N,C2') (2,4-
pentanedionato-0,0) (3): In a round bottom flask, 1,4'-dibromo-2-phenylpyridine (2 eq,
2.5 mmol, 0.783 g) was dissolved in 75 mL 2-ethoxyethanol. In a separate flask,
potassium tetrachloroplatinate (1 eq, 1.25 mmol, 0.514 g) was dissolved in 25 mL water.
The solutions were combined and heated to 90°C overnight. The reaction was then
cooled to room temperature and poured over water. The precipitate was collected and
washed extensively with methanol and ethanol to obtain a dark green solid that was used
in subsequent reactions without purification. This solid (1 eq, 0.793 mmol, 0.678 g) was
dissolved in 6 mL 2-ethoxyethanol. To this solution was added sodium carbonate (8 eq,
6.25 mmol, 0.688 g) and acetylacetonate (2.4 eq, 1.875 mmol, 0.188 g). The solution
was heated to 100 °C overnight. The next day, the reaction was cooled to room
temperature, and water was added. The product was extracted into dichloromethane, the
organic layers combined, dried with MgSOy, filtered, and the solvent removed under
reduced pressure. The remaining residue was purified by column chromatography (1:2
hexanes:dichloromethane/silica) to yield the desired product as a pale yellow solid with
m.p. 303-305°C in 21% yield. 'H NMR (400 MHz, CDCl3) & 8.99 (d, 1H), 7.90 (dd, 1H),
7.57 (d, 1H), 7.34 (d, 1H), 7.8 (m, 2H), 5.47 (s, 1H), 2.03 (d, 6H). *C NMR (100 MHz,
CDCl3) 6 148.14, 142.48, 141.85, 140.89, 132.83, 126.60, 124.51, 124.46, 119.28,
116.21, 102.82, 28.40, 27.24. HRMS (FAB) for C»,H»sNO,Br,Pt calcd. 688.9933 found
688.9922. CHN Calcd. 31.70% C, 2.16% H, 2.31% N. Found 31.99% C, 2.16% H,
2.30% N. IR (NaCl film) 2361, 2340, 1653, 1554, 1514, 1423, 1383, 1361, 1294, 1273,
1258, 1224, 886, 867, 840, 809, 749, 725 cm™,

Platinum(II) (1,4'-dibrom0-2-phenylpyridinato-N,C2 ") (2,2,6,6-tetramethyl-3,5-
heptanedionato-O,0) (3): In a round bottom flask, 1,4’-dibromo-2-phenylpyridine (2
eq, 2.5 mmol, 0.783 g) was dissolved in 75 mL 2-ethoxyethanol. In a separate flask,
potassium tetrachloroplatinate (1 eq, 1.25 mmol, 0.514 g) was dissolved in 25 mL water.
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The solutions were combined and heated to 90°C overnight. The reaction was then
cooled to room temperature and poured over water. The precipitate was collected and
washed extensively with methanol and ethanol to obtain a dark green solid that was used
in subsequent reactions without purification. The solid from this reaction (1 eq, 0.9
mmol, 1.0 g) was dissolved in 90 mL 2-ethoxyethanol; silver oxide (1.5 eq, 1.4 mmol,
0.321 g) and dipivaloylmethane (2 eq, 1.8 mmol, 0.39 mL) were added and the reaction
heated to 90°C overnight. The following day the reaction was cooled to room
temperature and filtered to remove silver salts. The solids were washed extensively with
dichloromethane, and the dichloromethane washed with water to remove 2-ethoxyethanol
from the organic layer. The dichloromethane was dried with MgSQOy, filtered, and the
solvent removed under reduced pressure. The residue from the reaction was then purified
by column chromatography (1:1 dichloromethane:hexanes/silica) to yield 0.478 g of the
product as a yellow solid (38% yield) with m.p. 200-203°C. "H NMR (400 MHz, CDCl;)
89.10 (d, 1H), 7.91 (dd, 1H), 7.73 (t, 1H), 7.42 (d, 1H), 7.24 (s, 2H), 5.84 (s, 1H), 1.29
(d, 18H). >C NMR (100 MHz, CDCl3) & 195.64, 194.21, 166.30, 148.26, 142.76,
142.55, 140.82, 133.62, 126.65, 124.63, 124.58, 119.39, 116.26, 93.69, 41.58, 41.16,
28.80, 28.48. HRMS (FAB) for C,cH3NO,Br,Pt calcd. 602.8940 found 602.8948. CHN
Calcd. 38.28% C, 3.65% H, 2.03% N. Found 38.51% C, 3.54% H, 2.09% N. IR (NaCl
film) 3052, 2969, 2631, 2905, 2867, 2685, 2410, 2305, 1598, 1552, 1529, 1498, 1477,
1416, 1396, 1361, 1261, 1224, 1185, 1142, 1107, 1064, 1013, 878, 794, 744, 726, 702,
664, 626 cm’.

F8PPyPt: In a round-bottom flask, Pt (1 eq, 0.17 mmol, 0.117 g) and 9,9-
Dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester (1 eq, 0.17 mmol, 0.095 g)
were dissolved in 5 mL toluene. Then, 5 mL of a 2M potassium carbonate solution in
water was added, along with 3 drops Aliquat 336. The solution was degassed by purging
with nitrogen for 20 minutes, then Pd(PPh;3)4 (0.09 eq, 0.02 mmol, 0.02 g) was added in
one portion under strong flow of nitrogen. The solution was heated to 80°C for three
days, cooled to room temperature, and then extracted into chloroform. The solvent was
removed and the crude polymer dissolved in a minimal volume of chloroform, then
precipitated into methanol. The precipitate was collected, and the polymer further
purified by sequential Soxhlet extraction with methanol, hexanes, dichloromethane, and
chloroform. The dichloromethane fraction was concentrated and reprecipitated to yield
32 mg of polymer (21% yield). 'H NMR (500 MHz, CDCls) & 8.2 (m, 3H), 7.4-8.0 (m,
9H), 5.7 (s, 1H), 3.5 (br, 4H), 2.1 (br, 4H), 1.6 (s, 20H), 1.0-1.4 (m, 18H), 0.8 (m, 6H).
CHN Calcd. 66.6% C, 7.13% H, 1.52% N. Found 63.57% C, 7.22% H, 1.39% N. SEC
(THF) M,, 11 kDa, M, 28 kDa, PDI 2.6. IR (NaCl film) 3361, 2957, 2923, 2852, 2402,
1659, 1586, 1547, 1530, 1496, 1463, 1435, 1402, 1260, 1095, 1019, 877, 800, 693 cm™.

F8Py: In a round bottom flask, 9,9-Dioctylfluorene-2,7-diboronic acid bis(1,3-
propanediol) ester (1 eq, 2 mmol, 1.12 g) and 2, 5-dibromopyridine (1 eq, 2 mmol, 0.473
g) were dissolved in 12.5 mL THF. In a separate container, 0.38 g of potassium
carbonate was dissolved in 2 mL water. The solutions were combined, and the solution
was degassed for 20 minutes. After degassing, Pd(PPh;)4 (0.03 eq, 0.06 mmol, 0.076g)
was added and the reaction mixture heated to 65°C for three days. After heating, the
reaction was allowed to cool to room temperature and poured over methanol. The solid
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was recovered by filtration and washed with water and methanol to remove K,CO;. The
product was further purified by sequential Soxhlet extraction with methanol, hexanes,
ethyl acetate, and dichloromethane. The product was precipitated into methanol to yield
a0.802 g of a yellow-green solid (86% yield). 'H NMR (500 MHz, CDCl3) & 9.09 (s,
1H), 8.10 (m, 3H), 7.90 (m, 3H), 7.68 (m, 2H), 2.12 (m, 4H), 1.10 (m, 20H), 0.80 (m,
10H). CHN Calcd. 87.31% C, 9.70% H, 2.99% N. Found 86.11% C, 9.45% H, 3.03% N.
SEC (THF) M, 12 kDa, My, 43 kDa, PDI 3.7. IR (NaCl film) 2960, 2926, 2854, 1589,
1556, 1495, 1457, 1376, 1261, 1227, 1092, 1020, 800 cm'.

Optical and Electrochemical Measurements

Cyclic voltammetry (CV) was performed using a Solartron 1285 potentiostat on
thin films dip-coated onto a Pt wire working electrode and submerged in CH3CN freshly
distilled from CaHy, using a silver wire pseudo-reference electrode, a platinum auxiliary
electrode, and were referenced to the ferrocene/ferrocenium couple, which was taken to
be -5.1 eV relative to vacuum.'’ Tetrabutylammonium tetrafluoroborate (NBusBF4) was
the supporting electrolyte for all measurements. UV-Visible absorption spectra were
obtained using a Cary 50 UV-Visible spectrophotometer. For thin film measurements
polymers were spin coated onto untreated glass slides from chloroform solution (10 mg
mL™). A model P6700 Spincoater was used to spin coat the films at 1500 rpm for 60 s.

Device Fabrication

Photovoltaic devices were fabricated in a bilayer architecture as follows:
ITO/Ti0,/Polymer/Al. Indium-doped tin oxide (ITO) coated glass substrates were
purchased from Thin Film Devices, Inc. The substrates (150 nm sputtered pattern, 10 Q
o) were cleaned by 20 minutes of sonication in acetone, 2 percent Helmanex soap in
water, and finally isopropanol. The substrates were dried under a stream of air, and a 100
nm thick solid TiO, film was processed on top using a sol-gel method.'® All subsequent
device fabrication was performed inside a glove box under inert Ar atmosphere with
water and oxygen levels below 1 ppm. Each polymer was dissolved at a concentration of
16 mg mL™" in chlorobenzene and spun-coat onto the TiO, at 1200 rpm for 30 seconds.
100 nm aluminum electrodes were deposited by thermal resistance evaporation at
pressures of approximately 107 torr to complete the device structure. The shadow mask
used during thermal deposition yielded eight independent devices per substrate each with
a surface area of 0.03 cm®. Completed devices were then tested under Ar(g) using a 300
W Thermo-Oriel Xenon arc-lamp with flux control spectrally corrected to AM 1.5 G with
one filter (Thermo-Oriel #81088). The AM 1.5 G light was further attenuated using a 0.5
O.D. neutral density filter, and the intensity of the AM 1.5 G light was calibrated to be
100 mW cm™ by a spectrally-matched Hamamatsu S1787-04 photodiode (calibrated by
NREL and obtained through Nanosys Inc.). I-V behavior was measured using a
computer-controlled Keithley 236 SMU.
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Chapter 4: Cyclometalated Platinum Polymers for Bulk Heterojunction Devices:
Synthesis, Photophysical Properties and Photovoltaic Performance.

Abstract

The synthesis and characterization of platinum-containing conjugated polymers in which
the platinum atom is attached to the conjugated backbone via a 2-thienylthiazole C"N ligand is
presented. The newly designed platinum-containing monomer can be polymerized under both
Stille and Suzuki conditions. The polymers exhibit optical bandgaps between 2.4 and 1.65 eV
depending on the presence or absence of metal, and the choice of comonomer. Formation of
triplet excitons is detected indirectly by measuring photosensitized emission of singlet oxygen in
both solution and in film. The ability of the materials to sensitize formation of singlet oxygen
varies both with excitation wavelength and with the change from solution to solid state. This
study indicates design principles for developing conjugated polymers with significant triplet
yields in the solid state. The photovoltaic performance of these polymers was also evaluated in
preliminary experiments, giving power conversion efficiencies approaching 1.5% for a bulk
heterojunction cell with PC7oBM.

Introduction

Conjugated polymers have highly tunable optoelectronic properties combined with ease
of processing" 2 making them attractive materials in the challenging search for efficient low-cost
photovoltaic devices. Recently, there has been significant interest in conjugated organometallic
polymers as donor polymers for use in bulk heterojunction (BHJ) solar cells in combination with
fullerene acceptors.””'” In particular, polyplatinynes have drawn some attention as a result of
their absorption profiles extending as far as the near infrared'’, and their promising charge
transport properties with reported hole mobilities as high as 1.0 x 102 cm” V' s in field-effect
sransistors (FETs). ° In addition, polyplatinynes have demonstrated formation of triplet excitons

Materials with large triplet yields may well provide access to increased photocurrent in
organic photovoltaic devices.!" Triplet excited state lifetimes are typically in the microsecond
regime, which is three orders of magnitude longer than the nanosecond decays typically observed
for singlet excited states in conjugated polymers. Given that exciton diffusion length (Lp) is
determined by exciton lifetime (t) and exciton diffusivity (D) according to the equation

L, =+/17D , a significant increase in lifetime is expected to lead to a longer exciton diffusion

length, which would be advantageous for bilayer photovoltaic devices. Triplet-forming polymers
have been reported to inhibit geminate pair recombination® and to increase the exciton diffusion
length'? in bulk heterojunction devices. However, the conjugated organometallic polymers that
have been shown to form triplets in the solid state are also large bandgap systems'> (>2.5 eV),
and therefore power conversion efficiencies are limited by the poor overlap of their absorption
spectrum with the solar irradiance. While lower band gap systems have demonstrated formation
of triplet excitons in solution, this result does not necessarily translate to the solid state.
Furthermore, performance of these lower band gap polymers are limited by charge mobility.” Tt
is also important to consider that formation of triplet excitons in a bulk heterojunction device is
anticipated to improve the photocurrent primarily by decreasing geminate recombination, as
charge separation in a well-mixed bulk heterojunction occurs on the femtosecond time scale'
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while intersystem crossing occurs in the nanosecond regime.14 Therefore, in a bulk
heterojunction system which has a closely mixed morphology, charge separation will most likely
occur before triplet excitons can form.. Thus, any improvement in photovoltaic performance for
triplet-forming materials in a bulk heterojunction is expected to be primarily the result of
decreased geminate recombination or another factor.

In polyplatinynes the poor size and energetic overlap between the 5d Pt and 2p C orbitals
leads to a significantly smaller effective conjugation length when compared to structurally
analogous poly(phenylene ethynylenes).'®> Given that exciton diffusion length is a function of
both lifetime and diffusivity, this exciton localization, or decreased effective conjugation length,
may ultimately limit the photovoltaic performance and/or the exciton diffusion lengths observed
for these polymers even if long-lived triplets are realized. Organometallic conjugated polymer
architectures other than polyplatinynes are therefore worthy of investigation as donor materials
to better understand the role of heavy atoms on triplet formation in conjugated polymers for
possible application in photovoltaics.

We report a new class of platinum-containing conjugated polymers with optoelectronic
properties that are more suitable for photovoltaic applications. These polymers contain a 2-(2'-
thienyl)thiazole C"N ligand with an O"O diketonate ligand that creates a structure analogous to a
fused bithiophene system but in which platinum is adjacent to the conjugated backbone and
connects the aryl groups into a coplanar conformation. The general structure of these new
organometallic polymers is shown in Figure 1. Fused bithiophenes have recently received
attention as a building block in low bandgap conjugated polymers, where the optical and
electronic properties of the polymer vary with the choice of connecting atom.'®"” In contrast to
the platinum acetylides, the platinum atom is peripheral to the conjugated polymer backbone,
leading to a greater involvement from the orbitals of Pt in both the ground and the excited states
of the material.*’ This design attempts to minimize any potential decrease in effective
conjugation length from the poor overlap of Pt and C orbitals, and creates a platform for the
study of the influence of a heavy atom on more diffuse excitons. This design also provides
flexibility in tuning the absorption profile and energy levels of the materials simply by varying
the Pt ligand and comonomer.
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Figure 1. General Structure of the Cyclometalated Pt Polymers.

Results and Discussion
Synthesis

The new Pt-containing dibrominated monomer 5 was synthesized as shown in Scheme 1,
using a modification of the procedure of Venkatesan et al.*' In order to take advantage of the

high photovoltaic efficiencies,””* high charge carrier mobilities* and strong light absorption®
associated with polythiophenes, we chose the 2-(2'-thienyl)thiazole C"N ligand which also
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contains a thiophene. The thiazole unit should also contribute favorably to charge mobility,***’

while providing a nitrogen atom for Pt coordination and minimizing donor-acceptor interactions
in the polymer. The diphenyl ketonate ligand provides solubility via the peripheral dialkoxy
groups. Since platinum complexes containing the 2-(2'-thienyl)thiazole ligand have not been
reported previously, model complex 4 without terminal bromine moieties was synthesized to
enable a comparison of optical and electronic properties of the repeat unit to those of the
corresponding polymers. Stille and Suzuki polymerizations of the metal complex were carried
out using Pd(P'Bus), and conditions were based on those developed by the Fu group™ ’, as
shown in Scheme 2. The unmetalated ligand 2 was copolymerized with 9, 9-dioctylfluorene
under conventional Suzuki conditions to yield a high molecular weight polymer, allowing for a
comparison of metalated and unmetalated versions of the polymer. Synthesis of an unmetalated
analog is not possible with the thiophene copolymers, as for those materials all of the
solubilizing units are based on the metal complex. The Pd(P'Bus), palladium system was used in
place of the Pd(PPh;)4 analog for the metal-containing polymers because compound 5 was found
to degrade under polymerization conditions using the more classical catalyst. This degradation
was confirmed by significant changes to the "H NMR spectrum of 5 after adding a solution of
PPh;. The exact nature of this degradation is unknown, but Pt(acac), complexes have been
shown to react with triaryl phosphine ligands by displacing one of the O atoms of the diketonate
ligand™ or by forming a pentacoordinate complex’'. The tri(fert-butyl)phosphine ligand is
significantly more bulky than triphenylphosphine, as evidenced by its ability to form a stable
divalent Pd(0) complex at room temperature”, and by its larger cone angle of 182° versus the
145° determined for triphenylphosphine®®. This bulkiness likely hinders coordination of the
ligand on the Pt center of 5, allowing the polymerization to proceed without disturbance to the
metal complex. In addition, the high activity of the Pd(P'Bus); catalyst system makes it possible
to achieve high molecular weight polymers via both Stille and Suzuki coupling routes at 40 °C, a
lower reaction temperature than the 80 - 100 °C frequently used for analogous Pd-catalyzed
polymerizations. The reduced reaction temperature should also contribute to the improved
stability of the platinum complex during polymerization.
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Scheme 1. Synthesis of Monomer and Model Complex
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Scheme 2. Synthesis of Polymers
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The crude polymers were isolated by precipitation into methanol, followed by Soxhlet
extraction with methanol and hexanes to remove low molecular weight impurities, and finally
chloroform or chlorobenzene to collect the desired polymer fraction. The chlorobenzene
fractions of Pt-T1 and Pt-T2 were isolated, and the chloroform fractions of F8TZPt and F8TZ
were isolated and reprecipitated into methanol for further study. As shown in Table 1, monomer
5 is an excellent monomer for the preparation of a variety of Pt-containing polymers via Stille or
Suzuki protocols affording high molecular weight soluble polymers. 'H NMR and FT-IR
analysis of the polymers indicated that the platinum complex remains intact after polymerization.
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Table 1. Molecular Weights of Polymers Studied

Polymer M, My, PDI
FTZ® 17 kDa 32 kDa 1.8
FSTZPt® 24 kDa 47 kDa 1.9
Pt-T1? 45 kDa 84 kDa 1.9
Pt-T2° 22 kDa 41 kDa 1.9

* SEC in Dichlorobenzene, ° SEC in THF (both calibrated with polystyrene standards)

Optical and Electronic Properties

The optical and electronic properties of 4 and all of the polymers were studied in order to
determine the suitability of these materials for photovoltaic applications, and to further
understand the effects of extending conjugation through a cyclometalated platinum complex.
Figure 2a shows the UV-Vis absorbance spectra for 4 and the polymers in dilute chloroform
solution and Figure 2b shows the UV-Vis absorbance spectra for 4 and the polymers in thin
films. All of the metallated polymers exhibit a strong transition at approximately 350 nm, which,
given the similarity between this peak and the absorption profile of the small molecule 4, is
attributed to the direct excitation of the metal complex. The polymers also show strong
transitions at longer wavelengths, with peaks at 598 nm (Pt-T2) 610 nm (Pt-T1) and 520 nm
(F8TZPt) for solution spectra. These peaks are attributed to excitations delocalized along the
conjugated polymer chain. Metalation has a significant impact on the absorption spectra of the
fluorene copolymers; F8TZ exhibits a single absorption peak at 449 nm, while F§TZPt exhibits
one higher energy absorption associated with the platinum complex as well as a lower energy
absorption associated with more delocalized excitations. This redshift is most likely due in part
to the enforced planarity of the 2-(2'-thienyl)thiazole unit when complexed to the platinum atom,
but also due to orbital interactions with the platinum atom. The absorption for F§TZPt is also
significantly redshifted when compared to those of the previously reported platinated
polyfluorenes P-1 and P-2 shown in Figure 3.%
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Figure 2. Overlaid Absorption Spectra of Polymers and Small Molecule in chloroform solution
(a) and thin film (b): 4 (black), F8TZ (purple), F8TZPt (red), Pt-T1 (blue), and Pt-T2 (green).
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Figure 3. Previously reported platinum-containing polyfluorenes.™

Changing the C"N ligand in the fluorene copolymers from 2-phenylpyridine in P1 or P2
to 2-(2'-thienyl)thiazole in F8TZPt causes the lower energy absorption maximum to shift from
450 nm™ to 520 nm. The small molecule complexes containing 2-phenylpyridine and 2-(2'-
thienyl)thiazole have similar absorption spectra, so this larger bathochromic shift suggests that
F8TZPt may have significant donor-acceptor character. Further, these results show that the
optical properties of these platinum-containing polymers can be tuned by modifying either or
both the platinum complex and the comonomer. The UV-Vis spectrum of F8TZ exhibits a
redshift in peak absorption going from solution (449 nm) to film (475 nm); F8§TZPt also exhibits
a redshift from 520 nm to 555 nm when changing from solution to film. This shift in absorption
to longer wavelengths together with the enhanced vibronic structure is indicative of increased
n—n stacking in the solid state. The thiophene copolymers Pt-T1 and Pt-T2 also exhibit redshifts
in absorption peaks going from solution to the solid state. For Pt-T1 in particular, the relative
intensities of the short and long wavelength peaks change; in solution the absorption peak
corresponding to the small molecule is much more intense than that of the delocalized excitation;
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in the solid state however, these peaks are more nearly equal in height, suggesting that the
thiophene comonomer rotates more freely in solution, possibly inhibiting the longer wavelength
absorptions in solution. For Pt-T2, steric interactions between the alternating platinum units
should be greatly decreased owing to the larger bithiophene comonomer between them, meaning
that the longer wavelength absorption is stronger in the bithiophene copolymer in solution. In
the solid state both polymers are able to planarize to a similar extent, imparting a similar redshift
in absorption. However, there is no indication of vibronic structure for either thiophene
copolymer, suggesting little increase in organization of the polymer when proceeding from
solution to film. Based on the onset of absorption in the solid state, the optical bandgap of F8TZ
is 2.4 eV and that of F8TZPt is 2.1 eV. The optical bandgaps of Pt-T1 and Pt-T2 are 1.65 eV,
closeltgto the theoretically ideal bandgap of 1.5 eV for a donor material in a polymer:PCBM solar
cell.

In addition to the absorption properties, the HOMO and LUMO of the donor material are
key parameters that influence the overall performance of a photovoltaic device by affecting the
efficiency of charge separation and the maximum attainable open-circuit voltage (Voc). Cyclic
voltammograms (CV) of Pt-T1, F8TZPt, and 4 were used to determine their oxidation and
reduction potentials. The HOMO level was determined by the onset of oxidation, the LUMO was
determined by the onset of reduction when it was observed and determined by the difference
between the HOMO and the optical bandgap. The oxidations and reductions observed were all
irreversible, which is consistent with previously reported Pt(IT) complexes.** For the small
molecule 4 no reduction peak was observed, but an irreversible oxidation was observed at 0.3 V
corresponding to a HOMO of -5.4 eV. This HOMO level is comparable to that of the C"N ligand
1, which has a HOMO of -5.3 eV, suggesting that the HOMO of the platinum complex is
primarily based on the C"N ligand. The polymer Pt-T1 undergoes an irreversible oxidation at -
5.4 eV, and an irreversible reduction at -3.5 eV, for an electrochemical bandgap of 1.9 eV. The
optical bandgap for Pt-T1 is slightly smaller (1.65 eV). However for F§TZPt the HOMO is
lower at -5.6 ¢V. The HOMO of poly(9,9-dioctylfluorene) (PFO) is -5.7 eV,*” suggesting that the
HOMO of F8TZPt is at least partly influenced by the fluorene moiety. An electrochemical
reduction was not observed for F§TZPt, but based on the difference between the optical
bandgap and the HOMO, the LUMO is estimated to be -3.5 eV. The optical and electronic
properties of all the materials are summarized in Table 2. Taken together the data indicate that
both the optical bandgap and the HOMO levels of the materials may be tuned by varying the
comonomer, while the LUMO is primarily determined by the platinum complex.
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Table 2. Optical and Electronic Properties

Sample Amax, CHCl3 | Aonsets, | Eg Optical | HOMO LUMO* |LUMO®
solution film (eV) (eV) (eV) (eV)

4 330 nm 475nm | 2.6 -5.4 N/A -2.8

FSTZ 449 nm 510nm | 2.4 54 -3.8 -3.0

F8TZPt 375 nm, 600 nm | 2.1 -5.6 N/A -3.5
520 nm

Pt-T1 335 nm, 750 nm | 1.65 -54 -3.5 -3.75
610 nm

Pt-T2 348 nm, 750 nm | 1.65 -5.5 N/A -3.85
598 nm

"Determined by onset of reduction "Estimated according to LUMO=HOMO-E, optical

Photoluminescence and Singlet Oxygen Generation

Organometallic conjugated polymers with large intersystem crossing yields have
demonstrated increased photocurrent in photovoltaic devices. This increase in performance has
been attributed to decreased geminate recombination® and increased exciton diffusion length due
to the forbidden nature of recombination from the triplet state.'> However, these previously
reported polymers have bandgaps larger than 2.5 eV, resulting in poor overlap with the solar
spectrum. The polymers presented here absorb strongly in the visible spectrum; they are also
expected to possess more delocalized excitons than the polyplatinynes, providing a new platform
to study the effect of a heavy atom on intersystem crossing in conjugated polymers.

Considering the similar optical properties of Pt-T1 and Pt-T2 and the significantly
decreased solubility of Pt-T2, photophysical studies are focused on Pt-T1, F8TZPt, and F8TZ.
The emission spectra of these materials (including monomer precursors) were measured at both
long and short excitation wavelengths. All experiments were conducted in degassed benzene
solution. At room temperature, 4 exhibits a phosphorescence peak with an onset at 575 nm (2.16
eV) and a maximum at 660 nm when excited at 370 nm. This peak can be assigned to a T;—Sy
transition as evidenced by the large Stokes shift and long lifetime (3.8 us). The triplet energy of
the small molecule is at a lower energy relative than reported for several other C"NPt(O"O)
complexes, which is most likely due to the electron rich nature of the C’N and 0O ligands.*
Further, the triplet energy of the complex is above the triplet energy of poly(3-octylthiophene)
(1.65 eV) and below that of PFO (2.3 eV)™, suggesting that in Pt-T1 energy transfer from the
triplet of the complex to the triplet of the polymer may occur readily. Conversely, energy transfer
from the metal complex may be disfavored for the fluorene copolymer F8TZPt. The absorbance
and photoluminescence of 4 are shown in Figure 4.
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Figure 4. Absorbance and Emission of 4: Absorbance (black) and emission (red).

The observed phosphorescence of the complex at room temperature is in sharp contrast to
the reported behavior’ of other diphenyl ketonate-substituted platinum complexes, which show
no emission from the triplet state as a result of the thermal equilibrium between the C"N ligand-
centered CLC) emissive state and the nonemissive Pt/diphenyl ketonate charge transfer (*CT)
state.”® The significant phosphorescence from 4 at room temperature indicates that the triplet
state of 1 lies sufficiently below the triplet state of the diphenyl ketonate to inhibit this
nonradiative decay pathway. Atroom temperature, degassed solutions of both polymers
F8TZPt and Pt-T1 show weak emission with small Stokes shifts suggesting emission from the
singlet state. The unmetalated polymer F8TZ is the only one to exhibit a strong fluorescent
emission, shown in Figure 5. Although phosphorescence is not observed for Pt-T1 or F§TZPt,
they may still undergo intersystem crossing to the triplet state followed by nonradiative decay
back to the ground state.*® The weak fluorescence that is observed suggests that another decay
pathway, possibly via intersystem crossing, may be more favorable.
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Figure 5. Absorbance and Emission of F8TZ: Absorbance (black) and emission (red).

In order to probe the formation of triplets before nonradiative decay, the ability of both
solutions and films of these materials to generate singlet oxygen was explored as a function of
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excitation wavelength. The efficiency of singlet oxygen photosensitization is strongly correlated
to triplet quantum yield in conjugated polymers.*> Molecular oxygen is able to quench triplet
excited states by a variety of energy transfer pathways, leading to luminescence of singlet
oxygen that is readily detected at 1270 nm.*’ The results of these experiments are summarized in
Table 3.

Table 3. Singlet Oxygen Generation by Polymers and Model Complex

Sample Aexcitation Singlet Oxygen Generation
4" 370 nm yes

Pt-T1* 370 nm no

Pt-T1" 665 nm no

Pt-T1" 370 nm yes

Pt-T1" 665 nm no

FS8TZPt" 370 nm yes

F8TZPt’ 530 nm yes

%C¢Hjg solution; ° 2:1 C¢HsCl:CHg solution

At room temperature, an aerated benzene solution of 4 shows strong singlet oxygen
emission when excited at 370 nm. In contrast, a benzene solution of Pt-T1 does not sensitize
singlet oxygen formation at either short or long excitation wavelengths. Because the sample of
Pt-T1 used in these studies was isolated from chlorobenzene, aggregation of the polymer in a
weaker solvent such as benzene was thought to be responsible for quenching. Aggregation of
conjugated polymers has been shown to quench excitons via an energy transfer process occurring
on a picosecond timescale®®, faster than the nanosecond time scale typical for intersystem
crossing. Indeed, singlet oxygen formation was observed upon excitation at 370 nm when a more
strongly solvating 2:1 mixture of chlorobenzene and benzene was used to dissolve Pt-T1. The
solvent dependence for singlet oxygen generation using Pt-T1 as a sensitizer indicates that Pt-
T1 is most likely aggregated in pure benzene solution. However, when excited at 665 nm, no
singlet oxygen generation is observed from Pt-T1 even in the better solvent system. Excitation
of Pt-T1 at 370 nm is analogous to excitation of 4, which quickly undergoes intersystem
crossing due to the proximity of the heavy Pt atom and the strong orbital overlap with Pt orbitals
in the excited state. Therefore triplet formation is facile when exciting at 370 nm. Exciting at
665 nm corresponds to more delocalized excitations that are spread along the polymer
backbones. This more delocalized excitation clearly does not exhibit enhanced intersystem
crossing. As the exciton becomes more delocalized, the Pt atomic orbitals are expected to make a
proportionally smaller contribution to the molecular orbitals associated with the exciton. Given
that the singlet energy of Pt-T1 is lower in energy than the triplet energy of 4, it is expected that
the singlet of Pt-T1 will not undergo significant energy transfer to the triplet of 4. Further, it is
anticipated that nonradiative decay rates increase relative to the intersystem crossing rate as
excitons become more delocalized in a conjugated material.*’

Benzene solutions of F8TZPt exhibit singlet oxygen emission at 1270 nm when excited
at either 370 nm or at 530 nm. As was the case for Pt-T1, excitation at 370 nm is attributed to
excitation of the small molecule chromophore, which rapidly undergoes intersystem crossing. In
contrast to Pt-T1, F8TZPt also generates triplet excitons at longer excitation wavelength. For
F8TZPt, the initially delocalized exciton may ultimately localize to the platinum moiety because
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the platinum repeat unit is lower in energy than poly(9,9-dioctylfluorene)* as evidenced by their
relative energy levels. The singlet energy of F8TZPt is close in energy to the triplet energy of 4,
suggesting that energy transfer from the singlet of F8TZPt to the triplet of 4 can occur readily.
This more localized exciton exhibits strong spin-orbit coupling through the platinum atom,
leading to formation of triplet excitons as evidenced by sensitized formation of singlet oxygen.
The difference in triplet formation observed between F8TZPt and Pt-T1 at long excitation
wavelength is illustrated schematically in Figure 6. Red dashed lines represent the excitons
initially formed at long excitation wavelengths, with energy transfer occurring to the monomer
unit of 4 in the case of F§TZPt.
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Figure 6. The different means of promotion and inhibition of triplet formation in F§TZPt and
Pt-T1 for long wavelength excitations.

While both polymers are able to sensitize formation of singlet oxygen in solution, neither
polymer was observed to sensitize singlet oxygen formation in a thin film. The difference in
triplet formation from solution to solid phase, as evidenced by singlet oxygen generation, most
likely arises as the result of intermolecular interactions providing a faster decay pathway,
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analogous to aggregates in solution. For example, regioregular poly(3-alkyl)thiophenes (P3ATs)
have a large triplet yield in solution (®@1=0.77) **, but do not readily form triplets in a film.*'
Formation of triplet states in the solid state is disfavored for P3ATs in part because the formation
of more delocalized, lower energy excimers is more favorable.* Formation of triplet excitons in
P3AT films is also partly disfavored as a result of decreased twisting between adjacent thiophene
units; an increased twist angle between adjacent thiophenes leads to increased spin-orbit
coupling.” Given that spin-orbit coupling is dominated by the platinum atom in both F§TZPt
and Pt-T1, the change in triplet formation from solution to solid state in F8§TZPt and Pt-T1 (as
evidenced by singlet oxygen generation) should be primarily the result of lower-energy excimers
forming in the polymer films and not a decrease in twisting between adjacent thiophene units.
Together, these results suggest that polymers with excitons centered on molecular orbitals with
significant contribution from a heavy atom and with lowered aggregation in the solid state would
be desirable to generate triplet excitons in a film for photovoltaic devices.

Photovoltaic Devices and Charge Mobility

The polymers Pt-T1 and F8TZPt were studied in bulk heterojunction photovoltaic
devices with PCBM to better understand the influence of the cyclometalated platinum moiety
on performance. The optimal blending ratio for both F8TZPt and Pt-T1 was found to be 1:4
(polymer:PCgBM). Results optimized for polymer:PCBM ratio, thickness, and annealing give
power conversion efficiencies of 0.40% for F8TZPt, and 1.29% for Pt-T1 under AM 1.5
illumination at 100 mW cm™. Figure 7 shows the performance of the devices without annealing.
Thermal annealing was found to significantly decrease the performance of the devices,
presumably as a result of excessive phase segregation between polymer and PCqBM. For
F8TZPt the J.is 3.5 mA cm'z, the V. 1s 0.38 V, and the fill factor is 0.30. For Pt-T1 the J is
5.3 mA cm'z, the V. is 0.65 V, and the fill factor is 0.37. The performance of Pt-T1 is
significantly better than F8TZPt, which is partly the result of its superior overlap with the solar
spectrum. In light of its superior performance, Pt-T1 was also studied in a bulk heterojunction
solar cell with PC70BM. PC;,BM absorbs significantly further into the visible spectrum as
compared to PC¢BM, meaning that it can potentially contribute to photocurrent generation. For
this system as well the optimal blending ratio is found to be 1:4 Pt-T1:PC70BM. The best
performance is found without annealing, giving a power conversion efficiency of 1.46%, as
shown in Figure 7. The Ji is 5.15 mA cm'z, the V. 1s 0.69 V, and the fill factor is 0.41.
Interestingly, although PC70BM is expected to improve device performance by contributing to
photocurrent, the short circuit current density in the Pt-T1:PC7)BM devices is lower than in the
Pt-T1:PCBM devices. Instead, the improvement in device performance arises from an increase
in the open circuit voltage and fill factor. This result suggests that Pt-T1 may exhibit improved
morphology in a blend with PC;0BM. Based on the electrochemistry described previously, it is
possible that holes localize at the platinum unit of F8TZPt and this localization inhibits charge
transport in a device. The HOMO of 4 is higher than the HOMO of F8TZPt, suggesting that the
platinum-containing monomer may act as a local energy minimum for holes in the device.
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In order to better understand potential limiting factors on photovoltaic performance of
polymers containing the cyclometalated platinum complex, the space charge limited current
(SCLC) mobilities of Pt-T1 and F8TZPt were measured. Unlike FETs, SCLC mobility
determines charge mobility in the vertical direction under no gate bias, making it potentially a
more relevant measurement of charge mobility in the context of photovoltaic devices. The zero-
field hole mobility of F8TZPt is 2.5 x 10 cm” V s™. The inefficient charge transport measured
for this polymer clearly contributes to its poor photovoltaic performance, and further suggests
that the platinum complex may act as a charge and energy trap in this polymer in which the
platinum complex is copolymerized with the wider bandgap fluorene unit. In contrast, the zero-
field hole mobility of Pt-T1 was measured as 1 x 10° cm™ V™' s The SCLC mobilities for the
pristine polymers and the bulk heterojunction photovoltaic device parameters are summarized in
table 5. The striking difference in SCLC hole mobility between Pt-T1 and F8TZPt demonstrates
that comonomer selection may affect both charge transport and photophysics of the resulting
polymer. The SCLC hole mobility of Pt-T1 is lower than that of polythiophenes**** (10 to 10~
cm” V' ™), but higher than the reported SCLC hole mobilities of polyplatinynes’ (10 to 107
cm’ V's™). The improved SCLC hole mobility observed for Pt-T1 relative to the polyplatinynes
shows that platinum-containing conjugated polymers with connectivity via a C"N ligand are an
attractive alternative route to organometallic polymers for photovoltaics.

Table 5. Device Parameters: FSTZPt:PCBM and Pt-T1:PCBM Blend Photovoltaic Devices and
SCLC Hole Mobility

Active Layer Ve Jse FF n up (SCLC)

FSTZPt:PCcoBM | 038V | 3.5mA cm™ 030 [040% [25x107°cm?*V's!

Pt-T1:PCs,BM | 065V |53 mAcm™ 037 [129% [1.0x10°cm’V's!

Pt-T1:PCoBM | 0.69 515mAcm” | 041 |1.46% |1.0x10°cm’>V's!
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Conclusions

This work presents a new approach to low bandgap platinum-containing conjugated
polymers based on a platinum monomer with C"N and O"O diketonate ligands. In these
materials the platinum atom is attached adjacent to the conjugated backbone, and therefore
does not inhibit exciton delocalization along the polymer chain, providing a means to study the
effect of a heavy atom on diffuse excitons. Photovoltaic devices fabricated from these
materials yield efficiencies approaching 1.5%, demonstrating that cyclometalated platinum
polymers are an attractive new class of materials for organic photovoltaics. Photophysical
studies indicate that for some materials long wavelength excitations experience rapid
nonradiative decay leading to no observable triplet exciton formation, while other materials
exhibit localization of an initially delocalized exciton. This localization promotes triplet
formation but is disadvantageous to charge transport in a photovoltaic device. The results
presented here suggest that the development of conjugated materials having both significant
triplet yields and overlap with the visible spectrum in the solid state will require new materials
designed to minimize nonradiative decay pathways at longer excitation wavelengths.

Experimental
Synthesis

All chemicals were purchased from commercial sources and used without further
purification unless otherwise stated. 2,5-bis(trimethylstannyl)thiophene*, 2-
(trimethylstannyl)thiophene*” and 5,5'-bis(trimethylstannyl)-2,2'-bithiophene* were prepared as
described in the literature. Tetrahydrofuran (THF), N, N-dimethylformamide (DMF), and toluene
were dried by passing through neutral alumina prior to use. All small molecules were
characterized by 'H NMR (400 MHz) and *C NMR (100 MHz) on a Bruker AVB 400 or AVQ
400. Polymer 'H NMR (500 MHz) spectra were obtained on a Bruker DRX 500. All NMR
spectra were referenced to TMS. High-resolution mass spectroscopy and elemental analysis
(CHN) were performed at the University of California, Berkeley Department of Chemistry
analytical services laboratory. IR spectra were recorded on a Varian 3100 FT-IR as KBr pellets
or as solid or liquid films drop-cast on KBr discs. Melting points are uncorrected. Column
chromatography was performed with silica (230x400 mesh). Polymer molecular weights were
determined by size exclusion chromatography (SEC) using either dichlorobenzene or THF as the
mobile phase as specified. SEC with THF mobile phase (1 mL/min, 45 °C) was carried out using
a Waters GPC 150-CV plus system (Milford, MA) with an attached M486 tunable absorbance
detector (254 nm), calibrated with polystyrene standards. SEC in dichlorobenzene 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.

2-(2'-Thienyl)thiazole (1): 2-(trimethylstannyl)thiophene (1 eq, 6.7 g, 27 mmol) and 2-

bromothiazole (1.1 eq, 5.41 g, 33 mmol) were dissolved in anhydrous toluene (240 mL) and
anhydrous DMF (60 mL). The solution was degassed by purging with nitrogen for 20 minutes,
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then Pd(PPh;)4 was added under a flow of nitrogen. The solution was kept at 100°C overnight,
then cooled to room temperature and water was added. The aqueous layer was then washed with
ether ( 3 x 100 mL). The organic layers were combined, washed with 1 M HCI three times then
dried with anhydrous NaSQO4. The solution was filtered and solvent removed to afford an oft-
white oil. Following purification by column chromatography (SiO,, 15% EtOAc in hexanes)
4.49 g of the title compound (99% yield) was obtained as a clear oil. '"H NMR (400 MHz,
CDCl3) 8 7.76 (d, 1H), 7.50 (dd, 1H), 7.37 (dd, 1 H), 7.22 (d, 1 H), 7.06 (td, 1 H). *C NMR (100
MHz, CDCls) 6 162.0, 143.3, 137.3, 127.9, 127.7, 126.6, 118.2. HRMS (EI) calcd. for C;HsNS;
167.9897 found, 167.9891. CHN Calcd. 50.27% C, 3.01% H, 8.37% N, 38.34% S. Found
50.16% C, 3.06% H, 8.24% N, 38.04% S.

5-Bromo-2-(5-bromothiophen-2-yl)-1,3-thiazole (2): 2-(2'-Thienyl)thiazole (1 eq, 7.2 mmol,
1.4 g) was dissolved in 100 mL DMF in an ice bath and treated dropwise with a solution of N-
bromosuccinimide (2.5 eq, 18 mmol, 3.3 g) in 100 mL DMF. The solution was allowed to warm
to room temperature and stirred overnight. The reaction mixture was poured over ice water, and
a white solid was formed. The solution was then extracted with diethyl ether (3 x 100 mL). The
combined organic layers were then washed with water (3 x 100 mL). The ether layer was dried
with NaSOQy, filtered, and the solvent removed to obtain a pale orange solid. This solid was
applied to a plug of silica and eluted with 20% ethyl acetate in hexanes to obtain the product as a
white solid with m.p. 118-121°C in 77% yield (2.1 g). "H NMR (400 MHz, CDCl3) 8 7.63 (s,
1H), 7.18 (d, 1H), 7.04 (d, 1H). *C NMR (100 MHz, CDCl3) § 162.2, 144.7, 138.3, 131.0,
126.9, 116.2, 108.2. HRMS (EI) calcd. for C;H3BrNS; 326.8033, found 326.8031. CHN Calcd.
25.87% C, 0.93% H, 4.31% N. Found 25.97% C, 0.83% H, 4.22% N.

(2Z)-3-hydroxy-1,3-bis[4-(octyloxy)phenyl|prop-2-en-1-one (3): To a flame dried, three-
neck flask containing 8 (1 eq, 30 mmol, 7.45 g) and 9 (1 eq, 30 mmol, 7.93 g) was added 1, 2-
dimethoxyethane (150 mL) via cannula. NaH (5 eq, 150 mmol, 3.6 g) was then added in one
portion to the stirred solution kept under a strong flow of nitrogen. Once the spontaneous
evolution of bubbles from the reaction ceased, the solution was heated to reflux for 24 h, then
cooled to room temperature and slowly added to ice water under rapid stirring. This solution was
then extracted with ether three times. The combined organic extracts were dried over MgSO,4 and
solvent was removed under reduced pressure to yield a pale orange solid. This material was
recrystallized from a mixture of THF and methanol to yield an off-white solid 3 melting at 76 -
77°C in 48 % yield. "H NMR (400 MHz,CDCl3) § 17.25 (s, 1H) , 7.99 (d, 4H), 7.0 (d, 4H), 6.77
(1, 1H), 4.07 (t, 4H), 1.89 (m, 4H), 1.51 (m, 4H), 1.36 (m, 16H), 0.94 (t, 6H). "*C (100 MHz,
CDCls) 6 184.57, 162.61, 129.02, 127.88, 114.35, 91.35, 68.23, 31.79, 29.32, 29.21, 29.11,
25.98, 22.64, 14.09. HRMS (FAB) for C31H4404 calcd. 481.3318, found 481.3323. CHN Calcd.
77.46% C, 9.23% H. Anal. 77.42% C, 9.48% H. IR (KBr Pellet) 2957, 2923, 2855, 2362, 2343,
1545, 1507, 1491, 1472, 1429, 1385, 1308, 1263, 1227, 1174, 1125, 1105, 1064, 1030, 999, 972,
945,922, 895, 859, 847, 785, 721, 699, 668, 653, 643, 597 cm™.

Platinum(II) (2-(2'-thienyl)thiazolato-N,C”") ((2Z)-3-hydroxy-1,3-bis[4-
(octyloxy)phenyl|prop-2-en-1-onato-0,0) (4): Potassium tetrachloroplatinate (0.62 g, 3 mmol,
1 eq) was dissolved in 60 mL H,O, and 2-(2'-thienyl)thiazole (0.5 g, 6 mmol, 2 eq) was dissolved
separately in 180 mL ethoxyethanol. The solutions were combined and heated to 90°C overnight
under nitrogen. The solution was then cooled to room temperature and poured over 100 mL ice-
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cold water. The dark green precipitate which formed was collected by filtration and washed with
water and methanol, then dried under vacuum overnight without further purification (0.456 g).
The dried precipitate (1.0 g, 1.8 mmol, 1 eq) was treated with 3 (2.59 g, 5.4 mmol, 3 eq) and
Ag,0 (0.76 g, 3.33 mmol, 1.85 eq) in dry, degassed THF (18 mL), and heated to reflux
overnight. The reaction mixture was filtered and the remaining solid washed extensively with
dichloromethane. After removing the solvent, the resulting brown solid was passed through a
silica column (CH,Cl,). The product collected as the first orange spot was further purified by
recrystallization from a mixture of methanol and dichloromethane to yield an orange solid with
m.p. at 131-133°C (0.76 g, 51% yield). '"H NMR (400 MHz, CDCls) & 8.00 (dd, 4H), 7.31 (d,
2H), 7.57 (d, 1H), 7.30 (d, 1H), 7.16 (d, 1H), 6.94 (dd, 4H), 6.71 (s, 1H), 4.02 (t, 4H), 1.82 (q,
4H), 1.49 (m, 4H), 1.34 (m, 16H), 0.91 (t, 6H) *C NMR (100 MHz, CDCls) & 177.74, 176.79,
173.39, 161.48, 146.17, 137.57, 131.97 (d, J=103 Hz), 129.77 (d, J=85 Hz), 128.76, 114.24,
113.5,95.31, 68.17, 31.81, 29.35, 29.23, 29.17, 26.02, 22.65, 14.11. CHN Calcd. 54.27% C,
5.63% H, 1.67% N. Anal. 54.31% C, 5.32% H, 1.38% N. HRMS (FAB) for C3gH47NO4PtS,
calcd. 840.2638, found 840.2637 IR (KBr film) 3097, 3061, 2924, 2850, 2362, 2311, 1604, 1586,
1524, 1492, 1469, 1444, 1380, 1306, 1263, 1229, 1175, 1129, 1007, 940, 902, 882, 841, 784,
740, 703, 609, 614, 549 cm™.

Platinum (II) (5-bromo-2-(5-bromothiophen-2-yl)-1,3-thiazolato-N, (o ') ((2Z)-3-hydroxy-
1,3-bis[4-(octyloxy)phenyl]prop-2-en-1-onato-0,0) (5): Potassium tetrachloroplatinate (.45 g,
1.1 mmol, 1 eq) was dissolved in 20 mL H,O and 5-bromo-2-(5-bromothiophen-2-yl)-1,3-
thiazole (0.7 g, 2.2 mmol, 2 eq) was dissolved separately in 70 mL ethoxyethanol. The solutions
were combined and heated to 90°C overnight under nitrogen. The reaction mixture was then
cooled to room temperature and poured over 90 mL H,O. A dark green precipitate was collected
by filtration, rinsed with water and methanol, then dried under vacuum overnight (0.6 g). It was
used in subsequent steps without additional purification. The dried precipitate (1 eq, 1.35 mmol,
1.52 g), 3 (3 eq, 4.05 mmol, 1.97 g), and Ag,O (1.85 eq, 2.5 mmol, 0.59 g) were dissolved in dry
THF (15 mL) and heated to reflux for 24 h. The solution was then cooled to room temperature
and solvent removed under reduced pressure. The product was purified using column
chromatography (silica, CH,Cl,, R=1.0). The solvent was removed and further purification
achieved by recrystallizing the obtained solid from a mixture of CH,Cl, and methanol. The
product 5 was obtained as a yellow solid with m.p. 162-165°C. "H NMR (400 MHz,CDCl5)

8 7.93 (t, 4H), 7.68 (s, 1H), 7.10 (s, 1H), 6.93 (t, 4H), 6.58 (s, 1H), 4.04 (t, 4H), 1.82 (m, 4H),
1.52 (m, 4H), 1.35 (m, 16H), 0.93 (t, 6H). °C (100 MHz, CDCls) & 177.71, 176.67, 173.37,
161.78 (d, J=12 Hz), 148.86, 138.16, 134.04 (d, J=81 Hz), 131.82 (J= 82 Hz), 129.03, 118.50,
114.51, 101.96, 95.54, 68.44, 53.64, 32.06, 29.61, 29.48, 29.45, 26.28, 22.90, 14.34. HRMS
(FAB) for C33H45Br,NO4PtS, calcd. 998.0841, found 998.0844. CHN Calcd. 45.7% C, 4.54% H,
1.40% N. Anal. 45.47% C, 4.45% H, 1.38% N. IR (KBr Pellet) 2920, 2853, 2361, 2343, 1605,
1585, 1559, 1524, 1524, 1472, 1426, 1383, 1305, 1264, 1229, 1178, 1132, 1107, 1037, 959, 839,
781, 667, 635, 601, 578 cm’.

4-octyloxyacetophenone (8): 4-hydroxyacetophenone (1 eq, 60 mmol. 8.17 g) was dissolved
in anhydrous DMF (120 mL) with anhydrous K,COs (3 eq, 180 mmol, 24.88 g) and 1-
bromooctane (1.2 eq, 72 mmol, 13.90 g). The solution was stirred at 60 °C overnight. The
reaction was cooled to room temperature, then poured over 100 mL water and extracted into
ether (3 x 100 mL). The organic fractions were combined and washed with water three times to
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remove any remaining DMF. The organic fractions were then dried with MgSO, and the solvent
removed under reduced pressure to yield a brown oil. This oil was flushed through a plug of
silica in 10 % EtOAc in hexanes to give a pale brown oil. The oil was stirred under vacuum at
60°C overnight to remove any residual bromooctane. The oil was then placed in the freezer at -
20°C, whereupon it became a solid and remained a solid with m.p. at 32-35°C. Yield: 12.89 g,
85%. '"H NMR (400 MHz,CDCls): & 7.99 (d, 2H), 6.90 (d, 2H), 4.01 (t, 2H), 2.55 (s, 3H), 1.82
(quintet, 2H), 1.2-1.5 (m, 10H), 0.87 (t, 3H). *C NMR (100 MHz, CDCls) & 196.76, 163.08,
130.54, 130.02, 114.07, 68.21, 31.77, 29.29, 29.19, 29.06, 26.30, 25.95, 22.62, 14.08. HRMS
(EI) for C;6H240; calced. 248.1776, found 248.1771 CHN Calcd. 77.38% C, 9.74% H. Anal.
77.48% C, 9.96% H. mp 28-31°C IR (KBr film) 2925, 2856, 2364, 1677, 1601, 1578, 1541,
1509, 1468, 1420, 1357, 1306, 1255, 1171, 1114, 1077, 1019, 955, 834, 814, 725, 590 cm™".

4-octyloxy benzoic acid methyl ester (9): 4-hydroxybenzoic acid methyl ester (1 eq, 60
mmol, 9.13 g) was dissolved in anhydrous DMF (120 mL) with anhydrous K,CO; (3 eq, 180
mmol, 24.88 g) and 1-bromooctane (1.2 eq, 72 mmol, 13.90 g) and stirred at 60 °C overnight.
The reaction was cooled to room temperature, then water and ether were added. The organic
layer was washed three times with water to remove any remaining DMF. The organic fractions
were then dried with MgSO, and the solvent removed to give an off-white solid. This solid was
applied to a silica column and eluted with 10% EtOAc in hexanes. Recrystallization from ethanol
afforded a white solid with mp 35-36°C. Yield: 12.0 g, 76%. "H NMR (400 MHz,CDCl3): § 7.99
(d, 2H), 6.91 (d, 2H), 3.98 (t, 2H), 3.88 (s, 3H), 1.77 (m, 2H), 1.49 (m, 2H), 1.32 (m, 8H), 0.89
(t, 3H). *C (100 MHz, CDCls) & 167.11, 163.16, 131.75, 122.49, 114.24, 68.39, 52.00, 32.00,
29.52,29.42,29.31, 26.18, 22.85, 14.29. HRMS (EI) for C;6H2403 calcd. 265.1759, found
265.1761 CHN Calcd. 72.69% C, 9.15% H. Anal. 72.85% C, 9.38% H. IR (KBr disc) 2929,
2857,1721, 1610, 1607, 1579, 1512, 1469, 1435, 1394, 1315, 1280, 1255, 1169, 1105, 1023,
972, 847,771, 697, 648 cm™.

F8TZ: In a three-neck flask 2 (1 eq, 1.01 mmol, 0.330 g) and 9,9-dioctylfluorene-2,7-
bis(trimethylborate) (1 eq, 1.01 mmol, 0.570 g) were dissolved in 50 mL toluene. In a separate
container, 6.91 g of potassium carbonate was dissolved in 25 mL water to form a 2M solution.
The solutions were combined and degassed by purging with nitrogen for 20 minutes. After
degassing, Pd(PPhs)4 (0.09 eq, 0.09 mmol, 0.1 g) was added to the reaction mixture under strong
nitrogen purge. The reaction was stirred and heated to 80°C for three days. After three days, the
reaction was cooled to room temperature and precipitated into methanol to give a dark yellow
solid. The solid was washed with water and methanol to removed excess potassium carbonate.
The collected polymer was then subjected to sequential Soxhlet extraction in methanol, hexanes,
and chloroform. The chloroform fraction was collected and precipitated into methanol to yield
0.176 g of polymer (31% yield). "H NMR (500 MHz, CDCl3) 8.03 (s, 1H), 7.55-7.75 (m, 7H),
7.41 (d, 1H), 2.04 (s, 4H), 1.0-1.2 (m, 21H), 0.81 (m, 6H), 0.70 (s, 6H) SEC (THF) M, 17 kDa,
M,, 32 kDa, PDI 1.8.

Pt-T1: To a flame-dried three neck flask was added S (1 eq., 0.100 g, 0.100 mmol) and 5 mL
anhydrous THF and the solution was treated with 2,5-bis(trimethylstannyl)-thiophene (1 eq,
0.041 g, 0.100 mmol). The solution was stirred, purging with nitrogen for 20 minutes. Following
degassing, Pd(P'Bus), (0.02 eq, 1 mg, 0.002 mmol) and CsF (4 eq, 0.060 g, 0.402 mmol) were
added quickly under strong flow of nitrogen. The solution was then stirred and heated to 40°C
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overnight. After 24 hours, the solution was cooled to room temperature and precipitated into
methanol. The crude polymer was recovered by filtration and further purified by Soxhlet
extraction with methanol, chloroform, and chlorobenzene. The chlorobenzene fraction was
concentrated and reprecipitated into methanol to obtain 29 mg (32% yield) of polymer free of
low molecular weight material. "HNMR (500 MHz, C,D,Cl,, 90°C) 6 6.5-8.0 (br, 13H), 3.96
(br, 4H), 0.5-2.0 (br, 30H). CHN Calcd. 54.77% C, 5.14% H, 1.52% N, 10.44% S. Anal. 51.66%
C,5.49% H, 1.51 N, 9.29% S. SEC (dichlorobenzene) M,, 45 kDa, M,, 84 kDa, PDI 1.9 IR (KBr
Pellet) 2923, 2849, 2366, 2344, 1602, 1585, 1528, 1490, 1472, 1418, 1384, 1303, 1256, 1227,
1173, 1132, 1108, 1022, 969, 954, 837, 779, 667, 653, 630, 561, 519 cm’.

F8TZPt: To a three-neck flask was added 5 (1 eq, 0.060 g, 0.060 mmol), 9,9-dioctylfluorene-
2,7-bis(trimethylborate) (1 eq, 0.032 g, 0.06 mmol), and potassium fluoride (3.3 eq, 0.012 g,
0.198 mmol). THF (3 mL) and H,O (1 mL) were added and the solution purged with nitrogen for
20 minutes. Pd(P'Bus); (0.08 eq, 0.02 g, 0.004 mmol) and Pd,dba; (0.04 eq, 0.02 g, 0.002 mmol)
were added under strong flow of nitrogen and the solution was stirred at 40°C for 24 hours. After
24 hours the solution was precipitated into methanol, and then purified by Soxhlet extraction
with methanol, then chloroform. The chloroform fraction was concentrated and reprecipitated
into methanol to obtain 54 mg of polymer (73% yield). "H NMR (500 MHz, CDCl;) & 8.0-8.5
(br, 5H), 7.3-7.9 (m, 6H), 6.6-7.2 (m, 6H), 4.1 (s, 4H), 1.7-2.4 (br, 8H), 1.0-1.5 (m, 38H), 0.5-1.0
(m, 18H). CHN Calcd. 65.44% C, 7.13% H, 1.14% N. Anal. 61.32% C, 6.93% H, 1.12 N. SEC
(THF) M,, 24 kDa, My, 47 kDa, PDI 1.9. IR (KBr film) 2956, 2925, 2854, 2365, 1674, 1604,
15816, 1527, 1492, 1467, 1425, 1383, 1305, 1259, 1229, 1175, 1134, 1093, 1024, 841, 801, 725
cm’.

Pt-T2: To a three-neck flask was added 5 (1 eq, 0.071 mmol, 0.071 g) and 5,5'-
bis(trimethylstannyl)-2,2'-bithiophene (1 eq, 0.071 mmol, 0.035 g) were dissolved in dry THF.
The solution was purged with nitrogen for 20 minutes, then Pd(P'Bus), (0.05 eq, 0.0045 mmol,
0.002 g) and CsF (4 eq, 0.28 mmol, 0.043 g) were added and the reaction mixture lowered into
an oil bath at 40°C. The solution was heated overnight, and cooled to room temperature the
following day. Once cooled to room temperature, the reaction mixture is precipitated into
methanol to obtain a the polymer as a dark blue solid. The polymer was purified by sequential
Soxhlet extraction with methanol, cyclohexane, chloroform, and chlorobenzene, leaving a
significant amount of insoluble material remaining in the thimble after Soxhlet with
chlorobenzene. The chlorobenzene fraction was concentrated and reprecipitated to yield 12 mg
of the polymer as a dark blue solid in 17% yield. The polymer was not sufficiently soluble for
'"H NMR to be obtained, even at high temperature and long relaxation delays. SEC (THF) M, 22
kDa, My, 41 kDa, PDI 1.9. IR (KBr film) 2958, 2924, 2853, 2362, 2341, 700, 1653, 1559, 1541,
1522, 1490, 1465, 1377, 1311, 1261, 1228, 1174, 1095, 1026, 800, 718 cm.

Optical and Electrochemical Measurements

Cyclic voltammetry (CV) was performed using a Solartron 1285 potentiostat. For the
polymers, CV was performed on thin films dip-coated onto a Pt wire working electrode and
submerged in CH3CN freshly distilled from CaH,. For small molecules, the cyclic
voltammograms were measured in dichloromethane solution with a Pt wire working electrode.
All measurements were performed using a silver wire pseudo-reference electrode, a platinum
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auxiliary electrode, and were referenced to the ferrocene/ferrocenium couple, which was taken to
be -5.1 eV relative to vacuum.”’ Tetrabutylammonium tetrafluoroborate (NBusBF4) was the
supporting electrolyte for all measurements. UV-Visible absorption spectra were obtained using a
Cary 50 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 1500 rpm for 60 s. Photoluminescence spectra were obtained using a
Horiba Jobin Yvon Nanolog fluorimeter. For deoxygenated samples, the solvent was degassed
by three freeze-pump-thaw cycles, and then the solutions were freshly prepared inside of a glove
box under argon atmosphere. For aerated samples, the solution was purged with air for 5 minutes
prior to measurement.

Device Fabrication and Measurement

Bulk heterojunction photovoltaic devices consisted of a standard ITO/PEDOT:PSS/Pt-
polymer:PCBM/ALI architecture. Indium-doped tin oxide (ITO) coated glass substrates were
purchased from Thin Film Devices, Inc. The substrates (150 nm sputtered pattern, 10 Q o)
were cleaned by 20 minutes of sonication in acetone, 2 percent Helmanex soap in water, and
finally isopropanol. The substrates were then dried under a stream of air before being coated
immediately with a filtered (0.45 um GHP) dispersion of PEDOT:PSS in water (Baytron-PH) via
spin coating for 30 s at 4000 rpm. The resulting polymer layer was ~30 nm thick after baking at
140 °C for 20 min. All subsequent device fabrication was performed inside a glove box under
inert Ar atmosphere with water and oxygen levels below 1 ppm. Each Pt-polymer was dissolved
at a concentration of 16 mg mL™" in chlorobenzene. PCBM (purchased from Nano-C) was
dissolved separately at 40 mg mL™ in chlorobenzene and all solutions were allowed to stir
overnight at 120 °C. The solutions were then combined in various ratios from 1:1 to 1:6
polymer:PCBM along with additional chlorobenzene as needed to a final polymer concentration
of 8 mg mL™, before spin casting onto the PEDOT:PSS-treated ITO at 1200 rpm for 30 seconds.
100 nm aluminum electrodes were deposited by thermal resistance evaporation at pressures of
approximately 107 torr to complete the device structure. The shadow mask used during thermal
deposition yielded eight independent devices per substrate each with a surface area of 0.03 cm’.
Completed devices were then tested under Ar(g) using a 300 W Thermo-Oriel Xenon arc-lamp
with flux control spectrally corrected to AM 1.5 G with one filter (Thermo-Oriel #81088). The
AM 1.5 G light was further attenuated using a 0.5 O.D. neutral density filter, and the intensity of
the AM 1.5 G light was calibrated to be 100 mW cm™ by a spectrally-matched Hamamatsu
S1787-04 photodiode (calibrated by NREL and obtained through Nanosys Inc.). -V behavior
was measured using a computer-controlled Keithley 236 SMU.

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

2
0

where g is the permittivity of space, ¢z is the dielectric of the polymer (assumed to be 3), u is
the mobility of the majority charge carriers, V is the potential across the device (V= Vapplica — Vi -
V1), 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/AI) and the voltage drop due to this resistance (V)
was subtracted from the applied voltage. The built-in voltage (V4i), which is based on the relative

9
Isere = ggrgoﬂ
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work function difference of the two electrodes, was also subtracted from the applied voltage. The
built-in voltage can be estimated from the difference in work function between the cathode and
anode and is found to be about 1 V.
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Chapter 5: Cyclometalated Platinum and Iridium Complexes Containing a Thiazole
Ligand: Experimental and Theoretical Investigations, and Application to Electronic
Devices

Abstract

This chapter presents the synthesis and photophysical characterization of
cyclometalated complexes based on a 2-thienylthiazole unit. Some of these complexes
are found to be deep red emitters with a large Stokes shift, indicating their potential for
application to white OLEDs with inhibited energy transfer; this property is found to vary
with the nature of the metal center. The effect of expanding the cyclometalated complex
is also explored, and extending conjugation along the 2-thienylthiazole ligand is found to
produce a blueshift in emission as the nature of emission changes from phosphorescence
to fluorescence.

Introduction

Cyclometalated complexes are organometallic complexes where a polydentate
ligand is attached to a metal via a carbon-metal bond.' They have been shown to possess
a variety of desirable properties, having applications in areas such as catalysis’, sensing’,
and electronic devices.*” Cyclometalated complexes with a heavy atom such as platinum®
or iridium”” as the metal center exhibit large intersystem crossing yields due to the strong
spin-orbit coupling associated with these atoms. This large intersystem crossing yield
can lead to large phosphorescent quantum yields for these complexes.'® Cyclometalated
platinum complexes in particular have shown utility in organic light emitting diodes
(OLEDs) as the large phosphorescent quantum yields enable device architectures to
harvest triplet excitons, which are expected to represent the majority of excitons available
in the device."

In addition to the spin state of the exciton, the energy of the emissive state is also
a critical parameter to tune in phosphorescent complexes. Modifying the energy of the
emissive ligand determines the color of emission. Emission from these complexes has
been tuned to span the ultraviolet'> to the near infrared'>'* regions of the visible
spectrum. This color tuning becomes critically important when targeting materials for
specific applications. White OLEDs in particular require a specific emission spectrum
from the device. Very few single molecules achieve white or near-white light
emission'"'>'%; typically white or near-white emission is achieved by using a mixture of
dopants to cover the full spectrum'’. By combining blue and red, for example, white or
near-white light can be achieved on the CIE coordinate diagram (Figure 1).
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Figure 1. CIE Coordinate Diagram

While color mixing is an effective means to achieve white light in an OLED,
typically there is significant energy transfer between blue and red emitters because the
absorption of the red emitter overlaps significantly with the emission of the blue
emitter'®. This overlap leads to a large FRET radius for the complexes, such that even at
the low (10 wt%) doping levels in typical OLEDs, significant energy transfer occurs at
1:1 doping ratios of blue and red emitters. Ratios in excess of 10:1 blue:red emitter must
be used in order to achieve balanced emission from a single layer device'’. In order to
work around this problem, researchers have pursued site isolation via multilayer vapor-
deposited films'® or block copolymers®®?'.

It has been established that a variety of structural properties affect the emission
wavelength and quantum yield of cyclometalated platinum complexes. A variety of C*N
ligands have been explored for their potential utility in developing phosphorescent
complexes. Most such complexes are based on derivatives of a 2-phenylpyridine ligand;
tuning the emission properties is then primarily based on adding electron-donating or —
withdrawing substitutents to the C*N ligand.* In addition to the 2-phenylpyridine analog,
an ancillary ligand is used to promote solubility of the complex without affecting the
photophysical properties of the complex; 1, 3-diketones are a common choice of ancillary
ligand. Among complexes with the general structure CANPt(O"O), there are also
examples of other aryl groups such as thiophene and pyrrole as the C donor of the
cyclometalating ligand. There are some examples of cyclometalated platinum complexes
utilizing heterocycles other than pyridine as the N donor of the cyclometalating ligand,
primarily focusing on benzoimidazole™ and benzothiazole?. For a complex having a 2-
phenylbenzothiazole ligand in place of 2-phenylpyridine, the emission peak is redshifted
by 50 nm, while for complexes using a benzoimidazole-based ligand, the emission is
redshifted by 7 nm. Both of these ligands change the nature of the emissive state both by
changing the electronegativity of the N ligand, but also by changing the size of the
conjugated system of the C”N ligand. Researchers have further explored the effect of
increasing the conjugation length of the C”N ligand by attaching additional aryl
substituents or multicyclic aryl substitutents to extend conjugation. Platinum complexes
based on expanded aryl ligands such as 1-phenylisoquinoline, 2-phenylquinoline, and
7,8-benzoquinoline have shown redshifts in emission greater than 100 nm relative to the
parent 2-phenylpyridine complex.”* Work by Kozhevnikov , et al. has shown that the
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emission from a 2-thienylpyridine complex can be redshifted from a maximum at 550 nm
to a maximum at 615 nm for a complex with conjugation extended through an additional
thiophene unit.”

Recent investigations in our group have led to the development of a 2-
thienylthiazole cyclometalated platinum complex. This complex possesses a particularly
large Stokes shift (~130 nm) with a deep red emission having an onset around 597 nm.
This work reports a joint experimental and theoretical study to thoroughly characterize
the electronic and photophysical properties of this complex in order to better understand
the nature of the large Stokes shift and deep red emission, and to apply this complex to
white OLEDs with minimal energy transfer between emitters. Additionally, we present
the synthesis and study of a larger family of platinum and iridium complexes based on
the 2-thienylthiazole ligand. The effect on photophysical and electronic properties are
studied to better understand the behavior of these unusually electron-rich cyclometalated
complexes.

Results and Discussion
Synthesis

The C”N ligands used in this study were synthesized using Stille and Negishi
cross-coupling reactions. A cyclometalated intermediate is then formed by heating a
solution of the C*N ligand and K,PtCl, in a mixture of 2-ethoxyethanol and water. The
products formed from similar reactions have been characterized as both dimeric p-chloro
species™ and monomeric cyclometalated species®. Analysis of the product of the
platination reaction by MALDI indicates only a trace amount of material at the mass
associated with the p-chloro dimer. The major peak corresponds M - Cl from the
C”NPtNCI species, with a secondary peak corresponding to the intact complex. These
results indicate that the primary product formed from the cyclometalation reaction is the
C”NPtNCI as has been reported previously for a number of other C*N ligands.

Once isolated, the cyclometalated complexes are treated with different -
diketonate ligands. While synthetic methods have been developed to displace the
nitrogen-containing ligand with DMSO prior to conversion to the final diketonate
complex®, attempts to utilize this methodology with the thiazole-based ligands here led
to the apparent degradation of the platinum complex with no isolable product. This may
be the result of the increased electron richness and decreased oxidative stability of the
thiazole ligand. Both dipivaloylmethane and an alkoxy-substituted dibenzoylmethane
were explored as diketonate ligands in order to provide insight into the effects of the
ancillary ligand. Dipivaloylmethane has been used extensively to produce soluble
cyclometalated complexes where the C*N ligand dominates the photophysical properties
of the material. Alkoxy-substituted dibenzoylmethanes have been used previously to
prepare liquid crystalline platinum complexes as well as polymerizable platinum
complexes.”””® The dibenzoylmethane complexes were found to be nonluminescent
when using a phenylpyridine ligand; this lack of radiative decay was attributed to thermal
equilibrium between between an emissive "LC state and a non-emissive CT state
involving the diketonate ligand.”” However, recent work in our group has found that a
red-emitting thienylthiazole complex is photoluminescent even when connected to a
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dibenzoylmethane derivative. This is presumably because the *LC state is too low to
interact significantly with the deactivating CT state. Previous work on iridium-based
complexes has found that emission for higher-energy complexes is diminished when
dibenzoylmethane ancillary ligands are used, while emission from lower-energy C*N
ligands is not diminished by use of this low energy ancillary ligand.9

The complexes PtTZ(dpm) and PtTTZT were prepared and isolated as shown in
Scheme 1. PtTTZ(dbm) could be prepared, but attempts to isolate by recrystallization
led to co-precipitation of an impurity, most likely the unmetalated TTZ ligand.
Additionally, an iridium-based analog Ir(TZ),acac was prepared as shown in Scheme 2
in order to better understand the effect of the metal center on photophysical properties.

Scheme 1. Synthesis of Cyclometalating Ligands and Pt Complexes
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Scheme 2. Synthesis of Ir Complex with Aliphatic Diketonate Ligands
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Crystal Structures

Single crystals of PtTZ(dbm), PtTTZT(dbm), and Ir(TZ),acac were grown for
X-ray diffraction. PtTZ(dbm) forms a disordered crystal with apparent mirror
symmetry, where the relative orientation of the thiophene and the thiazole rings within
the 2-thienylthiazole ligand varies at random throughout the structure (Figure 2). The
closest Pt-Pt distance is 7.608 A in this structure, so there is no evidence for Pt-Pt
interactions in crystal structures of this complex. Further, the complex stacks with
aromatic units offset from one another; the Pt unit from one molecule most closely
overlaps with the phenyl ring of its nearest neighbor (Figure 3). The 2-thienylthiazole
ligands are offset from one another to a significant degree; the closest centroid-centroid
distance is 10.128 A, well outside the distances associated with intramolecular
interactions such as m—m stacking. This significant offset between the units that are
expected to be responsible for charge transport are expected to lead to decreased charge
mobility for this complex.

In contrast, for PtTTZT(dbm) a single crystal of the complex yields a dimeric
structure with a Pt-Pt distance of 3.2204(2) A in the solid state (Figure 4). This close
packing distance is closer than n—n stacking distances which are typically 3.3-3.8 A, and
is indicative of Pt-Pt interactions. Other cyclometalated platinum complexes have also
been shown to exhibit Pt-Pt interactions in the solid state; complexes based on a 2-
phenylpyridine ligand exhibit Pt-Pt distances as low as 3.528 A% while dimeric platinum
complexes have shown Pt-Pt distances as low as 2.834 A*. Previously reported platinum
complexes with Pt-Pt distances less than 3.3 A show significantly higher charge carrier
mobilities than Pt complexes with Pt-Pt distances greater than 3.3 A; no significant
charge carrier mobilities are found for the structures with larger Pt-Pt distances.*"** In
addition to the Pt-Pt distance, the centroid-centroid distance for the dimer is 3.566 A; this
distance is well within the range of n—n stacking and could also contribute to good charge
transport in these materials. It is worth noting that in the crystal structure the m-
conjugated C”N ligands are overlaid with one another, but are slightly askew; therefore
orbital overlap between the C"N ligands on adjacent Pt complexes are expected to be
imperfect, which may adversely affect charge mobility.

Finally, the crystal structure of Ir(TZ),acac confirms the octahedral nature of the
complex. Given the saturated coordination sphere of the complex, no metal-metal
interactions are either expected or observed for this molecule. ORTEP drawings of the
crystal structure are shown in Figure 5.
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Figure 2. ORTEP Diagram of PtTZ(dbm) showing apparent mirror symmetry
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Figure 3. ORTEP Diagram of Unit Cell of PtTZ(dbm) Crystals
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Figure 4. ORTEP Diagram of PtTTZT(dbm) Crystals
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Figure 5. ORTEP Diagram of Crystal Structure of Ir(TZ),acac
DFT Calculations

Density functional theory (DFT) calculations were performed on all the
cyclometalated platinum complexes in order to better understand the effect of extending
conjugation along the C”N ligand on the orbitals involved in the HOMO and LUMO.
The HOMO and LUMO of PtTZ(dbm), PtTTZT(dbm), and PtTTZ(dpm) are shown in
Figures 6, 7, and 8, respectively. For PtTZ(dbm), both the HOMO and the LUMO show
significant involvement from the Pt orbitals, as well as from the C"N ligand. The
thiophene and the thiazole rings of the C*N ligand appear to contribute equally to both
the HOMO and the LUMO for PtTZ(dbm). The ancillary ligand contributes
substantially to the HOMO, but not to the LUMO, of PtTZ(dbm). When one thiophene
ring is added to the cyclometalating ligand as for PtTTZ(dpm) the relative contribution
from the ancillary ligand orbitals to the HOMO decreases substantially. The relative
contributions of the Pt orbitals and the C*N ligands to the HOMO and LUMO appear
comparable between PtTZ(dbm) and PtTTZ(dpm) Finally, for PtTTZT(dbm) the
HOMO and LUMO show almost no contribution from the ancillary ligand. The
continual decrease in contribution to the HOMO and LUMO from the ancillary ligand
indicates that as the conjugation of the C”N ligand increases, there are significantly more
orbitals associated with the C”N ligand and therefore the C"N ligand dominates the
HOMO and LUMO of these complexes. For all of the 2-thienylthiazole-based
complexes, the thiophene and the thiazole ring of the C”N ligands appear to contribute
equally to the HOMO and the LUMO. This even distribution of electron density is in
contrast to previously reported Pt(Il) complexes having a 2-phenylpyridine (ppy)
cyclometalating ligand.” In the case of the ppy complex, the HOMO is primarily a
combination of phenyl, Pt, and O™O ligands, with essentially no contribution from the
pyridyl ring; the LUMO is predominantly based on the phenylpyridyl ligand with some
additional contribution from the Pt orbitals. The more even delocalization of electron
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density across the C"N ligands reported here may minimize the charge-transfer character
in excitations.

Figure 6. HOMO (top) and LUMO (bottom) of PtTZ(dbm)
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Figure 8. HOMO (top) and LUMO (bottom) of PtTTZ(dpm)

The excitation spectrum of each complex was also modeled using time-dependent
DFT (TDDFT) in order to better understand the nature of the electronic transitions that
are observed spectroscopically. For all of the complexes, a lower energy (>550nm)
triplet transition exists that is a predominantly HOMO-LUMO transition, with a triplet
spin state. All the lowest energy transitions have an oscillator strength of zero, and
redshift with increasing conjugation along the C”N ligand: PtTZ(dbm) (597 nm),
PtTTZ(dpm) (733 nm), PtTTZT(dbm) (815 nm). In looking at increasingly higher
energy transitions, PtTZ(dbm), the next three higher energy transitions are also triplet in
nature and range from in wavelength from 474 nm to 410 nm. At 410 nm there also
exists a transition that is singlet in nature, which is predominantly made up of a HOMO-
LUMO transition. The difference in energy between the singlet and triplet excitations is
0.002 eV, well below thermal energy at room temperature, which is approximately 0.025
eV. This small energy difference between the singlet and triplet energies indicates that
upon excitation, the two states are well mixed and intersystem crossing should therefore
occur readily. In contrast, the next higher energy transitions of PtTTZ(dpm) are at 454
nm and 448 nm, where the transition at 454 nm corresponds to a triplet excitation and the
transition at 448 nm corresponds to a predominantly HOMO-LUMO transition that is
singlet in nature. These transitions have an energy difference of 0.034 eV, which is
somewhat greater than the thermal energy at room temperature. This suggests that some
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mixing of the two states may occur, but that mixing is not thorough and some emission
may be expected from either state at room temperature. For PtTTZT(dbm) as well, the
next higher energy electronic transitions consist of one triplet (502 nm) and one singlet
(496 nm). In this case the energy difference between the singlet and the triplet state is
0.058 eV, which is significantly greater than thermal energy available at room
temperature. This suggests that effectively no mixing of the states will occur at room
temperature, and therefore fluorescence will be the preferred photoluminescent decay
mode for PtTTZT(dbm).

Photophysical Properties

The photophysical properties of the complexes presented here were studied in
order to better understand their fundamental properties and to determine their suitability
for applications in OLEDs. The absorption and photoluminescence spectra of
PtTZ(dbm) and PtTZ(dpm) in room temperature degassed benzene are shown in Figure
9. From comparing these spectra it becomes apparent that the choice of ancillary ligand
has little impact on the photophysical properties of the complex. This indicates that the
cyclometalating ligand is sufficiently low in energy that equilibration with a nonemissive
charge-transfer state on the diketonate ligand is not a problem®’, and further indicates that
the diphenylketonate ligand is a suitable alternative for preserving both the solubility and
the photophysical properties of these complexes. The absorption and room temperature
photoluminescence spectrum of PtTTZT in degassed benzene solution is presented in
Figure 10. While the absorption of PtTTZT is redshifted relative to PtTZ(dbm) or
PtTZ(dpm), the emission of PtTTZT is actually blueshifted relative to that same
complex. Further, the emission of PtTTZT is found to be insensitive to oxygen. Taken
together these data indicate that PtT TZT is fluorescent, while PtTZ-based complexes are
phosphorescent. This result correlates strongly to the computational results provided by
time-dependent DFT. The energy difference between the singlet and triplet excited states
in PtTTZT are sufficiently large to inhibit intersystem crossing, so emission arises from
the singlet state. In contrast, with PtTZ(dbm) there is a minimal difference in energy
between singlet and triplet excited states, meaning that crossing between the states occurs
readily. Once intersystem crossing has occurred, the triplet excited state readily
undergoes internal conversion to the lowest triplet excited state, producing the deep red
emission that is observed.

The photoluminescence of the complex PtTZ(dbm), having an unusually large
Stokes shift, was also studied in PMMA films both as a single emitter and in blends with
a blue emissive complex Ir(fppy)s. The photoluminescence spectra from poly(methyl
methacrylate) (PMMA) films with different emitter ratios, all with 10% total dopant by
weight, as shown in Figure 11. These data indicate that even at larger (65%) loadings of
blue emitter, energy transfer from the blue to red emitter is minimal. This result suggests
that PtTZ(dbm) is an attractive means to achieve balanced emission from multiple
emitters in a white OLED.
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Figure 9. Absorption (Black) and Photoluminescence (Red) of PtTZ(dpm) (dashed
lines) and PtTZ(dbm) (solid lines) in Room-Temperature Benzene
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Figure 10. Absorption (Black) and Photoluminescence (Red) of PtTTZT in Room-
Temperature Benzene
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Figure 11. Photoluminescence from PMMA Films With Varying Amounts of
Ir(fppy); and PtTZ(dbm)

Considering that Ir-based emitters are typically favored in OLEDs for their
shorter lifetimes, the properties of complex Ir(TZ),acac were also studied to determine
its potential suitability as a red emitter without the ability to undergo FRET from a blue
emitter. The absorption and photoluminescence spectra of Ir(TZ),acac in room-
temperature THF solution are overlaid in Figure 12. The absorption spectrum of
Ir(TZ),acac extends slightly farther into the red than the absorption spectrum of
PtTZ(dbm), which may be a problem for inhibiting energy transfer for white OLEDs.
To further illustrate this point, the absorption spectra of Ir(TZ),acac, PtTZ(dbm) and
the emission spectrum of a common blue emitter Ir(fppy); are overlaid in Figure 13. The
overlap between Ir(TZ),acac absorption and Ir(fppy); emission are clearly much larger
than the overlap between PtTZ(dbm) absorption and Ir(fppy)s; emission. This indicates
that Ir(TZ),acac is not suitable for inhibiting FRET between blue and red emitters. Use
of the platinum center is necessary to achieve this large Stokes shift having no overlap
with blue emission.
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Figure 12. Absorbance (black) and Photoluminescence (red) of Ir(TZ),acac in room
temperature THF.
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Figure 13. Absorption from PtTZ(dbm) and Ir(TZ),acac overlaid with
Photoluminescence From Ir(fppy)s.

OLEDs

Considering the attractive photophysical properties of PtTZ(dbm), this complex was
studied in OLEDs as well. The device structure consists of 10 wt% total emitter doped
into a host materials consisting random copolymer that has been developed in our
group®’. Both blue and green emitters are paired with the red emitter. The structures of
all materials used in the active layer are shown in Figure 14. The electroluminescence
spectra of those devices are shown in Figure 15. It is noteworthy that at 1:1 or near-1:1
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ratios, balanced emission is achieved from blue or green emitters paired with
PtTZ(dbm), with no site isolation required.
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Figure 14. Structures of Materials Used in OLED Study
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Figure 15. Electroluminescence Spectra of OLEDs Incorporating PtTZ(dbm).

Conclusions

This work presents the synthesis and study of previously unexplored
cyclometalated complexes that incorporate electron-rich ligands as both the C and N-
containing cyclometalating ligands. The smallest of these, 2-thienylthiazole, produces
both platinum and iridium complexes with deep red emission. The platinum complex
possesses a large Stokes shift, making it suitable for application to white OLEDs. When
conjugation is extended along the cyclometalating ligand, as in PtTTZT, the absorption
of the complex redshifts relative to 2-thienylthiazole complex, while the emission
blueshifts. This change in emission arises because the spin state of the emission changes
from phosphorescence to fluorescence. While the deep red emission of PtTZ(dbm) and
PtTZ(dpm) suggests that thienylthiazole-based ligands could be used to extend emission
into the near-infrared, it does not appear this will be accomplished using platinum as the
metal center. Future development in this area may utilize ligands such as benzothiazole
or benzothiophene, and may use heavy metal centers other than platinum.
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Experimental
Synthesis

All chemicals were purchased from commercial sources and used without purification
unless otherwise stated. 2-(2'-Thienyl)thiazole, 5-Bromo-2-(5-bromothiophen-2-yl)-1,3-
thiazole, and (27)-3-hydroxy-1,3-bis[4-(octyloxy)phenyl]prop-2-en-1-one were
synthesized according to previously described procedures. Tetrahydrofuran (THF), N, N-
dimethylformamide (DMF), and toluene were dried by passing through neutral alumina
prior to use. All small molecules were characterized by 'H NMR (400 MHz) and °C
NMR (100 MHz) on a Bruker AVB 400 or AVQ 400. All NMR spectra were referenced
to TMS. High-resolution mass spectroscopy and elemental analysis (CHN) were
performed at the University of California, Berkeley Department of Chemistry analytical
services laboratory. IR spectra were recorded on a Varian 3100 FT-IR as KBr pellets or
as solid or liquid films drop-cast on KBr discs. Melting points are uncorrected. Column
chromatography was performed with silica (230x400 mesh).

PtTZ(dpm): Potassium tetrachloroplatinate (.45 g, 1.1 mmol, 1 eq) was dissolved in 20
mL H,0 and 5-bromo-2-(5-bromothiophen-2-yl)-1,3-thiazole (0.7 g, 2.2 mmol, 2 eq) was
dissolved separately in 70 mL ethoxyethanol. The solutions were combined and heated to
90°C overnight under nitrogen. The reaction mixture was then cooled to room
temperature and poured over 90 mL H,O. A dark green precipitate was collected by
filtration, rinsed with water and methanol, then dried under vacuum overnight (0.6 g). It
was used in subsequent steps without additional purification. The precipitate from this
reaction (0.2 g, 0.25 mmol, 1 eq) was dissolved in 2.5 mL of 2-ethoxyethanol. To this
solution was added sodium carbonate (1.06 g, 2.5 mmol, 10 eq) and dipivaloylmethane
(0.14 g, 0.75 mmol, 3 eq). The reaction was stirred and heated 100 °C for 18 hours. The
reaction mixture was cooled, and water and dichloromethane added. The product was
extracted into the organic layer, then the organic layers combined and washed with water
(3 x 20 mL) to remove the 2-ethoxyethanol, and the organic layer dried over MgSOs.
Solvent was removed under reduced pressure, and then the oily residue was subjected to
column chromatography (20% hexanes in CH,Cly, silica). The product eluted as the first,
photoluminescent spot. The fractions were collected and solvent removed to obtain the
product as an orange solid with m.p. 171-173°C in 32% yield. 'H NMR (400 MHz,
(CDs),CO): 7.86 (d, 1H); 7.71 (d, 1H); 7.64 (d, 1H); 7.13 (d, 1H); 5.95 (s, 1H); 1.27 (s;
18H) HRMS (FAB) Calcd. 543.0797 Found 543.0800. CHN for C;sH,3NO,PtS, Calcd.
39.70% C, 4.26% H, 2.57% N. Found 39.82% C, 4.46% H, 2.72% N.

2-[5-(thiophen-2-yl)thiophen-2-yl]-1,3-thiazole (TTZ): 2, 2’-bithiophene (5.57 g,
33.53 mmol, 1.1 eq) was dissolved in anhydrous THF (150 mL) and the solution was
cooled to -78°C and treated dropwise with a 2.5 M solution of n-butyllithium in hexanes
(13.4 mL, 33.53 mmol, 1.1 eq). The solution was stirred with cooling to -78°C for 1
hour, then anhydrous zinc chloride (6.85 g, 50.29 mmol, 1.65 eq) was added in one
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portion to the reaction mixture. The reaction was warmed to room temperature slowly,
then 2-bromothiazole (5.0 g, 30.48 mmol, 1 eq) and bis(triphenylphosphine)palladium(II)
dichloride (0.43 g, 0.6 mmol, 0.02 eq) were added and the reaction mixture was heated to
reflux overnight. The reaction was cooled to room temperature and water was added. The
mixture was then washed with dichloromethane; the organic fractions were combined,
dried with magnesium sulfate and filtered. The solvent was removed under reduced
pressure and the product purified by recrystallization from ethanol to yield a yellow solid
(2.44 g) with m.p. 140-143 °C in 32% yield. '"H NMR (400 MHz, DMSO-Ds) & 7.80 (d,
1H), 7.69 (d, 1H), 7.58 (d, 1H), 7.54 (dd, 1H), 7.40 (dd, 1H), 7.30 (d, 1H), 7.10 (m, 1H),
3C NMR (100 MHz, DMSO-Dg) 160.59, 143.55, 138.65, 135.83, 135.12, 128.82,
128.31, 126.66, 125.32, 125.05, 120.32. CHN Calcd. 52.98% C, 2.83% H, 5.62%, Found
53.01% C, 2.53% H, 5.58% N. HRMS (EI) for C;;H;NS; calcd. 248.9745 found
248.9741.

5-(thiophen-2-yI)-2-[5-(thiophen-2-yl)thiophen-2-yl]-1,3-thiazole (TTZTH): To a
solution of 5-bromo-2-(5-bromothiophen-2-yl)-1,3-thiazole (1.5 g, 4.61 mmol, 1 eq) in
20 mL DMF was added 2-(tributylstannyl)thiophene (3.62 g, 9.96 mmol, 2.1 eq) and
tetrakis(triphenylphosphine)palladium(0) (0.053 g, 0.05 mmol, 0.01 eq), and the solution
was purged with nitrogen for 20 minutes. After degassing, the reaction mixture was
heated to 100 °C overnight. The reaction was then cooled to room temperature and
poured over water. The reaction mixture was washed with dichloromethane, the organic
layers combined and dried with magnesium sulfate, and filtered. The solvent was
removed under reduced pressure and the product purified by recrystallization from
ethanol to yield 1.2 g as a yellow-orange solid with m.p. 170-172°C in 78% yield. 'H
NMR (400 MHz, DMSO-Dg) 6 7.97 (s, 1H), 7.56 (d, 2H), 7.54 (d, 1H), 7.39 (d, 1H), 7.37
(d, 1H), 7.29 (d, 1H), 7.09 (q, 2H). *C NMR (100 MHz, DMSO-Dy) & 158.90, 139.56,
139.33, 135.96, 134.81, 132.32, 132.04, 129.05, 128.99, 128.89, 127.30, 127.04, 126.72,
125.66, 125.37. CHN Calcd. 54.33% C, 2.74% H, 4.23% N. Found 54.33% C, 2.32% H,
4.33 % N. HRMS (EI) for C;sH9NS4 caled. 330.9618 found 330.9626.

Platinum(11) (5-(thiophen-2-yl)-2-[5-(thiophen-2-yl)thiophen-2-yl]-1,3-thiazolato-
N,C?) ((22)-3-hydroxy-1,3-bis[4-(octyloxy)phenyl]prop-2-en-1-onato-O,0)
(PITTZT): 5-(thiophen-2-yl)-2-[5-(thiophen-2-yl)thiophen-2-yl1]-1,3-thiazole (1.0 g, 3.03
mmol, 2.2 eq) was dissolved in 2-ethoxyethanol (100 mL). Separately, potassium
tetrachloroplatinate (0.57 g, 1.37 mmol, 1 eq) was dissolved in 27 mL water. The
solutions were combined and heated to 100 °C overnight. The reaction was allowed to
cool, then poured over water and filtered to yield 1.3 g of red solid after washing with
water, methanol, and ethanol. This solid was used in the subsequent reaction without
further purification. To a dry 3-neck round bottom flask was added the red solid (1.0 g),
(2Z)-3-hydroxy-1,3-bis[4-(octyloxy)phenyl]prop-2-en-1-one (1.62 g, 3.37 mmol, 3 eq),
and silver (I) oxide (4.72 g, 2.04 mmol, 1.85 eq). Anhydrous THF (11 mL) was added
and the reaction mixture heated to reflux overnight. The solution was cooled and filtered,
and the residue washed with dichloromethane. The filtrate was concentrated and purified
by column chromatography (dichloromethane/Si0,) and purified further by
recrystallization from a mixture of dichloromethane and methanol to give a red solid with
m.p. 198-201°C in 17% yield. "H NMR (400 MHz CDCls) & 7.93 (m, 4H), 7.84 (s, 1H),
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7.28 (m, 1H), 7.26 (m, 1H), 7.23 (m, 2H), 7.10 (1H), 7.04 (m, 2H), 6.96 (m, 4H), 6.58 (s,
1H), 4.02 (m, 4H), 1.80 (m, 4H), 1.49 — 1.31 (m, 20H), 0.88 (t, 6H) HRMS (FAB+) for
C4sHsNO4PtS, Caled. 1005.2382. Found 1005.2396. CHN Calcd. 54.96% C, 5.11 % H,
1.39% N. Found 55.19% C, 5.05% H, 1.50% N.

Ir(TZ),acac: 2-(2'-Thienyl)thiazole (3.0 g, 17.9 mmol, 2.25 eq) was dissolved in 240
mL 2-methoxyethanol, while IrCl; (2.38 g, 7.97 mmol, 1 eq) was dissolved separately in
80 mL water. The solutions were combined and heated overnight to 100 °C. The
reaction was then cooled to room temperature and poured over water. The green
precipitate was collected, washed with water and methanol, dried under vacuum
overnight, and used without further purification in the next step. The green solid (1.0 g,
0.89 mmol, eq), and sodium carbonate (0.218 g, 2.05 mmol, 2.3 eq) were added to 2-
ethoxyethanol (45 mL), and the solution was degassed by three freeze-pump-thaw cycles.
Following this, acetylacetone (0.223 g, 2.23 mmol, 2.5 eq) was added and the solution
heated to 120 °C overnight. The reaction mixture was cooled to room temperature.
Dichloromethane and water were added; the reaction mixture was extracted into
dichloromethane, and the organic layers washed with water to remove the
methoxyethanol. The organic layers were dried over NaSQs, filtered, and the solvent
removed under reduced pressure. The product was purified using column
chromatography (dichloromethane, silica) and recrystallized by slow diffusion of
dichloromethane and hexanes to give a red solid with m.p. 240-242°C in 20% yield. 'H
NMR (400 MHz, CDCl3) & 7.53 (d, 2H), 7.2 (m, 4H), 6.13 (d, 1H), 5.23 (s, 1H), 1.83 (s,
1H). HRMS (EI) caled. for Ci9H;5IrN,O,S4 623.9645 found, 623.9646. CHN Calcd.
36.58% C, 2.42% H, 4.49% N. Found 36.34% C, 2.14% H, 4.42% N.

X-Ray Crystallography
PtTZ:

A red block 0.20 x 0.18 x 0.15 mm in size was mounted on a Cryoloop with Paratone oil.
Data were collected in a nitrogen gas stream at 118(2) K using phi and omega scans.
Crystal-to-detector distance was 60 mm and exposure time was 10 seconds per frame
using a scan width of 0.5°. Data collection was 99.4% complete to 25.00° in 6. A total
of 32114 reflections were collected covering the indices, -13<=h<=13, -15<=k<=15, -
17<=I<=17. 6644 reflections were found to be symmetry independent, with an R, of
0.0202. Indexing and unit cell refinement indicated a primitive, triclinic lattice. The
space group was found to be P-1 (No. 2). The data were integrated using the Bruker
SAINT software program and scaled using the SADABS software program. Solution by
direct methods (SIR-97) produced a complete heavy-atom phasing model consistent with
the proposed structure. All non-hydrogen atoms were refined anisotropically by full-
matrix least-squares (SHELXL-97). All hydrogen atoms were placed using a riding
model. Their positions were constrained relative to their parent atom using the
appropriate HFIX command in SHELXL-97.

PtTTZT:

A red plate 0.15 x 0.12 x 0.10 mm in size was mounted on a Cryoloop with Paratone
oil. Data were collected in a nitrogen gas stream at 133(2) K using phi and omega scans.
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Crystal-to-detector distance was 60 mm and exposure time was 10 seconds per frame
using a scan width of 0.3°. Data collection was 99.5% complete to 25.00° in 6. A total
of 50450 reflections were collected covering the indices, -16<=h<=16, -18<=k<=17, -
25<=I<=25. 15641 reflections were found to be symmetry independent, with an R, of
0.0192. Indexing and unit cell refinement indicated a primitive, triclinic lattice. The
space group was found to be P-1 (No. 2). The data were integrated using the Bruker
SAINT software program and scaled using the SADABS software program. Solution by
direct methods (SIR-97) produced a complete heavy-atom phasing model consistent with
the proposed structure. All non-hydrogen atoms were refined anisotropically by full-
matrix least-squares (SHELXL-97). All hydrogen atoms were placed using a riding
model. Their positions were constrained relative to their parent atom using the
appropriate HFIX command in SHELXL-97.

Ir(TZ)acac:

A red plate 0.15 x 0.12 x 0.10 mm in size was mounted on a Cryoloop with
Paratone oil. Data were collected in a nitrogen gas stream at 133(2) K using phi and
omega scans. Crystal-to-detector distance was 60 mm and exposure time was 10 seconds
per frame using a scan width of 0.3°. Data collection was 100.0% complete to 25.00° in
0. A total of 29421 reflections were collected covering the indices, -28<=h<=28, -
32<=k<=32, -9<=I<=9. 4816 reflections were found to be symmetry independent, with
an Riy of 0.0281. Indexing and unit cell refinement indicated an I-centered,
orthorhombic lattice. The space group was found to be Iba2 (No. 45). The data were
integrated using the Bruker SAINT software program and scaled using the SADABS
software program. Solution by direct methods (SIR-2004) produced a complete heavy-
atom phasing model consistent with the proposed structure. All non-hydrogen atoms
were refined anisotropically by full-matrix least-squares (SHELXL-97). All hydrogen
atoms were placed using a riding model. Their positions were constrained relative to
their parent atom using the appropriate HFIX command in SHELXL-97.

Density Function Theory Calculations

Starting from the X-ray crystal structure, the molecular geometry was optimized
at the DFT level with B3LYP/6-31G(d) and lanl2dz basis set on the platinum atoms using
Gaussian 03.* Any higher alkyl chains were replaced with methyl groups to expedite
calculation time while assuming they are not involved in the frontier orbitals of the
molecule. Using this initial geometry a global energy minimum was found by optimizing
several starting thiophene dihedral angle geometries and comparing total energies of each
minimum found. The planar molecular geometry shown here was the global energy
minimum. The resulting molecular orbitals were visualized at 0.02 isovalue. A time
dependant DFT calculation was run on this geometry in order to obtain the excitation
energies and nature of the transitions.

OLED Device Fabrication

Prior to device fabrication, substrates with ITO on glass were patterned as 2 mm
wide stripes with resistivity of 20 €)/sq. The substrates were cleaned by sonication in a
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soap solution; rinsed with deionized water; boiled in trichloroethylene, acetone, and
ethanol for 5 min each; and then blown dry under a stream of nitrogen gas. Finally, the
substrates were treated with UV/ozone for 10 min. The organic active layer was prepared
by spin-casting solutions at 3000 rpm for 60 s. The solutions were filtered using 0.2 pm
poly(vinylidene difluoride) filters prior to use. The thickness of the organic layer was
monitored by ellipsometry. After spin-casting, a shadow mask with a 2 mm wide stripe
was placed onto the substrates perpendicular to the ITO stripes. A cathode consisting of 1
nm thick LiF and 100 nm thick aluminum was then deposited at a rate of 0.2 and 4—5 A/s,
respectively. OLEDs were formed at the 2 x 2 mm squares where the ITO (anode) and Al
(cathode) stripes intersect. The devices were tested in air within 2 h of fabrication. The
electrical and optical intensity characteristics of the devices were measured with a

Keithly 2400 sourcemeter/2000 multimeter coupled to a Newport 1835-C optical meter,
equipped with a UV-818 Si photodetector. Only light emitted from the front face of the
device was collected and used in subsequent efficiency calculations. The
electroluminescence (EL) spectra were measured on a PTI QuantaMaster model C-60SE
spectrofluorimeter equipped with a 928 PMT detector and corrected for detector response.
The emission was found to be uniform throughout the area of each device.

References

1. Albrecht, M. Chem. Rev. 2010, 110, 576-623.

2. Selander, N.; Szabo, K. J. Dalton Trans. 2009, 6267-6279.

3. Martin, A.; van Koten, G. Adv. Mater. 1999, 11, 171-174.

4, Chou, P.; Chi, Y. Chem. Eur. J. 2007, 13, 380-395.

5. Lamansky, S.; Djurovich, P.; Murphy, D.; Abdel-Razzaq, F.; Kwong, R.; Tsyba,

I.; Bortz, M.; Mui, B.; Bau, R.; Thompson, M. E. Inorg. Chem. 2001, 40, 1704-
1711.

6. Williams, J. In Photochemistry and Photophysics of Coordination Compounds I1;
Meijere, A. D.; Cram, D. J., Eds.; Topics in Current Chemistry; Springer Berlin /
Heidelberg, 2007; pp. 205-268.

7. Djurovich, P. I.; Murphy, D.; Thompson, M. E.; Hernandez, B.; Gao, R.; Hunt, P.
L.; Selke, M. Dalton Trans. 2007, 3763-3770.

8. He, L.; Qiao, J.; Duan, L.; Dong, G.; Zhang, D.; Wang, L.; Qiu, Y. Adv. Funct.
Mater. 2009, 19, 2950-2960.

9. Lamansky, S.; Djurovich, P.; Murphy, D.; Abdel-Razzaq, F.; Lee, H.; Adachi, C.;
Burrows, P. E.; Forrest, S. R.; Thompson, M. E. J. Am. Chem. Soc. 2001, 123,
4304-4312.

10. Wang, Q.; Ding, J.; Ma, D.; Cheng, Y.; Wang, L.; Jing, X.; Wang, F. Adv. Funct.
Mater. 2009, 19, 84-95.

11. Furuta, P. T.; Deng, L.; Garon, S.; Thompson, M. E.; Fréchet, J. M. J. J. Am.
Chem. Soc. 2004, 126, 15388-15389.

12. Sajoto, T.; Djurovich, P. I.; Tamayo, A.; Yousufuddin, M.; Bau, R.; Thompson,
M. E.; Holmes, R. J.; Forrest, S. R. Inorg. Chem. 2005, 44, 7992-8003.

13. Ostrowski, J.; Susumu, K.; Robinson, M.; Therien, M.; Bazan, G. Adv. Mater.
2003, 15, 1296-1300.

14. Qiao, J.; Duan, L.; Tang, L.; He, L.; Wang, L.; Qiu, Y. J. Mater. Chem. 2009, 19,

80



15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.
30.

31.

32.

33.

6573-6580.

Park, S.; Kwon, J. E.; Kim, S. H.; Seo, J.; Chung, K.; Park, S.; Jang, D.; Medina,
B. M.; Gierschner, J.; Park, S. Y. J. Am. Chem. Soc. 2009, 131, 14043-14049.
Adhikari, R. M.; Duan, L.; Hou, L.; Qiu, Y.; Neckers, D. C.; Shah, B. K. Chem.
Mater. 2009, 21, 4638-4644.

Hu, B.; Karasz, F. E. J. Appl. Phys. 2003, 93, 1995-2001.

Wasserberg, D.; Meskers, S. C. J.; Janssen, R. A. J. J. Phys. Chem. A 2007, 111,
1381-1388.

Laquai, F.; Park, Y.; Kim, J.; Basché, T. Macromol. Rapid Commun. 2009, 30,
1203-1231.

Ma, B.; Kim, B. J.; Deng, L.; Poulsen, D. A.; Thompson, M. E.; Frechet, J. M. J.
Macromolecules 2007, 40, 8156-8161.

Poulsen, D. A.; Kim, B. J.; Ma, B.; Zonte, C. S.; Fréchet, J. M. J. Adv. Mater.
2010, 22, 77-82.

Brooks, J.; Babayan, Y.; Lamansky, S.; Djurovich, P. I.; Tsyba, 1.; Bau, R;
Thompson, M. E. Inorg. Chem. 2002, 41, 3055-3066.

Li, H.; Ding, J.; Xie, Z.; Cheng, Y.; Wang, L. J. Organomet. Chem. 2009, 694,
2777-2785.

Cho, J.; Domercq, B.; Barlow, S.; Suponitsky, K. Y.; Li, J.; Timofeeva, T. V.;
Jones, S. C.; Hayden, L. E.; Kimyonok, A.; South, C. R.; Weck, M.; Kippelen, B.;
Marder, S. R. Organometallics 2007, 26, 4816-4829.

Kozhevnikov, D. N.; Kozhevnikov, V. N.; Ustinova, M. M.; Santoro, A.; Bruce,
D. W.; Koenig, B.; Czerwieniec, R. ,.; Fischer, T.; Zabel, M.; Yersin, H. Inorg.
Chem. 20009, 48, 4179-4189.

Cho, J.; Suponitsky, K. Y.; Li, J.; Timofeeva, T. V.; Barlow, S.; Marder, S. R. J.
Organomet. Chem. 2005, 690, 4090-4093.

Thomas, S.; Yagi, S.; Swager, T. J. Mater. Chem. 2005, 15, 2829-2835.
Venkatesan, K.; Kouwer, P. H. J.; Yagi, S.; Muller, P.; Swager, T. M. J. Mater.
Chem. 2008, 18, 400-407.

Chassot, L.; Mueller, E.; Von Zelewsky, A. Inorg. Chem. 1984, 23, 4249-4253.
Ma, B.; Li, J.; Djurovich, P. I.; Yousufuddin, M.; Bau, R.; Thompson, M. E. J.
Am. Chem. Soc. 2004, 127, 28-29.

Debije, M.; de Haas, M.; Warman, J.; Fontana, M.; Stutzmann, N.; Kristiansen,
M.; Caseri, W.; Smith, P.; Hoffmann, S.; Selling, T. Adv. Funct. Mater. 2004, 14,
323-328.

Yuen, M.; Roy, V.; Lu, W.; Kui, S.; Tong, G. S. M.; So, M.; Chui, S. S.; Muccini,
M.; Ning, J.; Xu, S.; Che, C. Angew. Chem. Int. Ed. 2008, 47, 9895-9899.
Gaussian 03, Revision C.02, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.;
Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Montgomery, Jr., J. A.; Vreven,
T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji,
H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.;
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.;
Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts,
R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.;
Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.;

81



Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.;
Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.;
Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith,
T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M.
W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; and Pople, J. A.;
Gaussian, Inc., Wallingford CT, 2004.

82



Chapter 6: High Dielectric Constant Polythiophenes
Abstract

A series of conjugated polymers are presented possessing a polythiophene
backbone and side chains with different, highly polarizable substituents designed to
increase the dielectric constant of the conjugated polymer. Both ethylcyano ether and
cyanohexyl solubilizing groups are used. The choice of modifying group, the extent of
modification, and the regioregularity of the polymer are all variables that have a profound
impact on the optoelectronic and dielectric properties of the resulting material. The
dielectric constant of the unmodified poly(3-hexylthiophene) is found to be 2.9, while
incorporating modifying groups is found to increase the dielectric constant to a range of
6.9 to 21, indicating that the dielectric constants of these materials are comparable to
those of inorganic semiconductors.

Introduction

Conjugated polymers are an attractive alternative to traditional inorganic
semiconductors in a variety of electronic device applications, offering the potential for
solution processed, flexible devices. Despite their utility in similar device architectures,
the fundamental properties of inorganic and organic semiconductors vary widely.

Inorganic semiconductors are generally composed of highly polarizable atoms
such as silicon, organized into a crystalline structure. Together the crystallinity of the
bulk materials and the polarizability of the component atoms yield materials possessing
high dielectric constants. This high dielectric constant facilitates charge separation and
transport in photovoltaic devices and transistors. Although there is no experimental work
on systematically modifying the dielectric constant of organic semiconductors, theoretical
work has shown that modifying the dielectric constant of the medium of a donor-acceptor
pair leads to a more thermodynamically favorable free energy of charge separation, and a
less thermodynamically favorable free energy of charge recombination.

In contrast, organic semiconductors generally possess relatively little long-range
order in the solid state. This lack of long-range order, combined with the low
polarizability of the constituent atoms and functional groups typically used in conjugated
polymers, leads to semiconductors having much lower dielectric constants as compared
to their inorganic counterparts. A typical conjugated polymer such as poly(3-
hexylthiophene) has a dielectric constant approximately equal to 3 at 1 kHz. Among
organic semiconductors, some notable exceptions to the generally low dielectric
constants found in these materials are fullerenes' (>4 at 1 kHz) and phthalocyanines™ (10
to 100 at 1 kHz). While the high dielectric constants and high absorption coefficients of
phthalocyanines make them attractive materials for use in photovoltaics, their poor
solubility makes them best suited for evaporated, rather than solution processed, devices.
The slightly higher dielectric constant for fullerene relative to conjugated polymers has
been cited as a possible reason for the superior performance of polymer-fullerene devices
relative to polymer-polymer photovoltaics.

While fullerenes have played a crucial role in the development of high-
performing photovoltaic devices and n-type transistors, the light absorption of these
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materials can be limited, and modifying the energy levels of these materials is extremely
challenging. These two traits present potential limitations on the utility of fullerenes in
semiconducting devices. Expanding the utility of organic semiconductors therefore
requires the development of methods to modify the dielectric constant of these materials.
There are presently no synthetic methods reported to increase the dielectric constant of an
organic semiconductor through targeted chemical modification.

This work presents the development of oligo- and polythiophenes with functional
groups designed to modify the dielectric constant. The optoelectronic properties and the
dielectric constant of the resulting material are found to vary both with the modifying
group used and the extent of modification. Together these results indicate design
principles for the further development of high dielectric constant conjugated polymers.

Results and Discussion
Synthesis

A conjugated thiophene backbone was chosen for modification with high
dielectric functional groups. Thiophene-based conjugated materials provide an ideal
platform for these investigations given their wide applicability in electronic devices,
showing both high charge carrier mobilities in field effect transistors and broad light
absorption for photovoltaic applications. In order to minimize the impact of the
modifying group on the electronic energy levels of the polymer, it is desirable to place
the dielectric modifying groups pendant to the polymer backbone separated from the
conjugated units by an alkyl spacer of at least two carbon units. Previous work has
shown that polysaccharides exhibit a tremendous increase in dielectric constant when the
hydroxyl groups are converted to ethylcyano ether (ECNE) groups, where unmodified
cellulose exhibits a dielectric constant of 3.2 at 1 kHz, and ECNE-modified cellulose
exhibits a dielectric constant of 16.2 at the same frequency.” While the ECNE-modified
cellulose exhibits a considerable increase in dielectric constant, it is not clear if the
oxygen atom is critical for achieving these high dielectric constants, or if it is in place for
synthetic utility. Based on these results, ethylcyano ether- and cyanohexyl-functionalized
conjugated polymers are attractive targets for increased dielectric constants. The
synthesis of small molecules containing dielectric modifying groups is shown in Scheme
1. Both ECNE-functionalized and bromohexyl functionalized monomers have been
prepared. Each of these molecules is functionalized to be compatible with cross-coupling
reactions. The sensitivity of the nitrile group on the ECNE-modified small molecules
prohibits the use of frequently used cross-coupling methodologies relying on Grignard
and organizinc species’. Instead, a mild iridium-catalyzed direct borylation’ is used to
install the boronic ester selectively on the 5-position to give asymmetrically substituted
monomer 3.

The dielectric constant is a bulk materials property and therefore expected to
depend on not only on the functional groups in the polymer, but also on the bulk
structure. For polythiophenes, the number and regioregularity of solubilizing groups has
been found to have a profound effect on the properties of the resulting polymer.*'*!''?
Therefore not only the nature of the modifying group, but also the degree of modification
and the regioregularity of the polymer are expected to significantly impact the dielectric
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constant of the materials. A series of polymers were synthesized with varying structures
in order to determine the effects of these variables. The synthesis of the polymers is
shown in Scheme 2. All of the polymers were purified by Soxhlet extraction with a
series of solvents (methanol, hexanes, and chloroform) and the polymer isolated from the
chloroform fraction either by precipitation or concentration. The molecular weights of
the resulting polymers are listed in Table 1. The molecular weights of these polymers are
found to be lower than many other 3-substituted polythiophenes shown in the literature.
In the case of ECNE-Ra, the low molecular weight is believed to be the result of
inefficient Stille coupling with hexamethylditin, as has been observed elsewhere in the
literature. For ECNE-RR and ECNE-co-T the molecular weight is believed to be
solubility limited in both polymers. In the case of ECNE-RR, the polymerization must
be run at room temperature to prevent hydrolysis of the nitrile group, and the polymer
precipitates out of the reaction mixture within a few hours. In the case of ECNE-co-T,
the solubilizing group is not long enough to produce a soluble polymer when only
alternating chains are functionalized. However, the SOCN-P3HT polymer shows high
molecular weights, comparable to P3HT samples that have been found to perform well in
photovoltaic devices in the literature. Further, the solubility of the ECNE-functionalized
copolymers can be recovered by copolymerizing the ECNE-functionalized monomer with
a 3-hexylthiophene to yield ECNE-co-3HT. The increased Mn of ECNE-co-3HT
relative to ECNE-RR indicates that the low solubility of ECNE-RR is the result of the
lowered solubilizing power of the ECNE group as compared to a hexyl group. This
suggests that high molecular weight polymers containing an ECNE-modified monomer
should be accessible, provided the feed ratios are tuned to allow for good solubility in the
growing polymer chain.

Scheme 1. Synthesis of Small Molecules

85



N
N

C
HO H [Ir(OMe)(cod)], 20

C
: {
N
NBr \ /
B 1 \
s " $ I
0
3
C
: {
o)
" j_k
S Br
S 1) nBulLi

Q 2) BrCaH3Br =0
Br

Scheme 2. Polymer Synthesis

T
i

1
N

HO H
NaOMe

o~
E

S Br

4

86



o2

N ™M /ML \ O
Pd(PPh3), Pd(PtB
4:1 Toluene:DMF H Igcgz(tdbu:));/
_ __KF
/A Me;Sn—SnMes M THF/H,0
Br S Br S /) [
- e Br S Bpln S n
5 ECNE-Ra - N
3 ECNE-RR
[CN NC_
o Pd(P'Bu),, CsF o
THF H
\ Me Sn SnMe /A S
3 3
5 ECNE-co-T
CeH13 CsH13

S

S.__Br + Br 1) LDA
@/ \_/ 2) ZnCl,
3) Ni(dppp)Cl,

KCN
18-crown-6
THF/DMF

Br Br
7 50CN-P3HT

Table 1. Polymer Molecular Weights as Determined by THF SEC

Polymer Mn Mw PDI DP*
ECNE-Ra 6 kDa 10 kDa 1.6 34
ECNE-co-T 3.1kDa 5 kDa 1.7 12
ECNE-RR 4 kDa 6 kDa 1.3 22
ECNE-co-3HT | 9.6 kDa 17.6 kDa 1.8 N/A
S50CN-P3HT 20 kDa 31 kDa 1.2 112
P3HT 35 kDa 42 kDa 1.2 211

"Degree of polymerization based on Mn/unit mass
Optoelectronic Properties

The optical properties of the polymers in the solid state were studied in order to
assess their suitability for thin film electronics applications. The UV-Vis absorbance
spectra of the polymers in solution are overlaid in Figure 1. The absorption spectra of the
polymers in the solid state are overlaid in Figure 2.

First, the solution absorption spectra of almost all of the polymers are similar to
one another and similar to that of P3HT. Most of the polymers exhibit an absorption
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maximum in solution between 450 nm and 500 nm. The two notable exceptions to this
trend are ECNE-Ra and ECNE-RR. In the case of ECNE-Ra, the blueshifted
absorption is most likely due in part to a low degree of polymerization, but also is most
likely the result of steric interactions between adjacent solubilizing groups in the
regiorandom structure. These steric interactions may force the backbone to deplanarize
and thereby inhibit conjugation along the backbone. For ECNE-RR, the slightly lower
degree of regioregularity (88%) as compared to poly(3-alkyl)thiophenes obtained through
more traditional polymerization methods (92% or higher) may contribute to the slightly
blueshifted absorption in solution, as may the lower molecular weight of the polymer.
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Figure 1. Overlaid Absorption Spectra of Dielectric-Modified Polymers in Chloroform
Solution: ECNE-Ra (red), ECNE-RR (blue), ECNE-co-T (green), ECNE-co-3HT
(purple), SOCN-P3HT (black), and P3HT (grey).

In the solid state, the polymers show a much greater disparity in absorption
properties, which suggests broader implications for the solid-state packing and potentially
the electronic performance of these materials. The first material, ECNE-Ra, has a
noticeably blueshifted absorption in comparison to the other polymers presented in this
study and in comparison to typical 3-substituted polythiophenes. The lower molecular
weight of this material may partly cause the blueshifted absorption. However, the
effective conjugation length of polythiophene is estimated to be about 20 repeat units',
while the degree of polymerization of ECNE-Ra is much larger (n=34). These data
suggest that the polymer has achieved a sufficient degree of polymerization for the
optical properties to be saturated; in other words, the blueshift in absorption is not the
result of the lower molecular weight. Rather, the blueshifted absorption is most likely the
result of the regiorandomness in the polymer backbone. The regiorandom nature of the
polymer backbone induces significant steric hindrance, which inhibits the planarization
of the conjugated polymer backbone, resulting in a blueshift in the absorption.
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When the structure of the polymer is changed from regiorandom to regioregular
substitution of the solubilizing group, there is a marked redshift in the absorption of the
polymer. ECNE-RR shows a considerable redshift in absorption in spite of a decrease in
molecular weight and degree of polymerization. This considerable redshift indicates that
the change in regiochemistry strongly enables planarization of the polymer backbone in
the solid state. Further, ECNE-RR shows significant vibronic structure in a thin film,
indicative of m—n stacking. The absorption spectrum of this polymer strongly resembles
that of ECNE-co-T, the alternating copolymer between the ECNE-modified monomer
and an unsubstituted thiophene. This similarity between the absorption spectra of
ECNE-RR and ECNE-co-T suggests that copolymerizing an asymmetrically substituted
thiophene with an unsubstituted thiophene is a viable means to offset the potential
disruption in packing that can occur in a regiorandom polymer. Moreover, both of these
materials show an absorption spectrum that is blueshifted relative to P3HT, indicating the
potential for further improved n—n stacking in the solid state.

Finally, regioregular copolymers were made that incorporate either an ECNE-
modified thiophene or a cyanohexyl-modified thiophene copolymerized with a
hexylthiophene. ECNE-co-3HT and SOCN-P3HT both show considerably redshifted
absorption spectra relative to ECNE-Ra. Moreover, SOCN-P3HT shows a slight
indication of vibronic structure in the solid state, and ECNE-co-3HT shows pronounced
vibronic structure with a shoulder in the film UV-Vis at about 610 nm. These materials
may be particularly attractive as they combine desirable optical properties with higher
molecular weights that are expected to be advantageous for charge transport.

VAN 4 \

1 AN
LN N

7\

0.0 T T
400 500

Wavelength (nm)

0.8

Absorbance (A.U.)

Figure 2. Overlaid Absorption Spectra of Dielectric-Modified Polymers in Thin Films:
ECNE-Ra (red), ECNE-RR (blue), ECNE-co-T (green), ECNE-co-3HT (purple),
S50CN-P3HT (black), and P3HT (grey).

In addition to the optical properties, the oxidation potentials of the polymers were
also studied in order to determine the effect of the modifying group on the electronic
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properties and to determine the suitability of these materials for electronic applications.
The optical band gaps as well as the HOMO and the estimated LUMO values are listed in
Table 2. Based on these data, it is apparent that the ethylcyano ether and the cyanohexyl
substitutents have a minimal impact on the electronic properties of the polymers.

Table 2. Optical Band Gaps and Energy Levels of Polymers

Polymer E, optical® (eV) HOMO" (eV) LUMO® (eV)
ECNE-Ra 2.4 5.6 3.2
ECNE-co-T 2.0 5.3 3.3
ECNE-RR 1.8 5.2 34
ECNE-co-3HT 2.0 5.2 3.2
S0CN-P3HT 1.9 5.2 33
P3HT 1.9 5.2 3.3

?As determined by the onset of absorption in the solid state "As determined by the onset
of oxidation in a thin film, calibrated to Fc/Fc'=-5.12 eV “estimated from
LUMO=HOMO-E; optical

Dielectric Properties

In order to establish the effect of highly polarizable functional groups on the
dielectric constant of a conjugated polymer, the dielectric constants of the polymers were
measured using impedance spectroscopy. The results of these measurements are shown
in Figure 3. Further, the dielectric constants of these materials at 1000 Hz are listed
Table 3 alongside those of other semiconducting materials previously reported in the
literature.

21\

—
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I N

1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07
Frequency (Hz)

Dielectric Constant

Figure 3. Dielectric Constants of Polymers Used in This Study: ECNE-Ra (red), ECNE-
RR (blue), ECNE-co-T (green), and S0CN-P3HT (black).

It is notable that all of the new conjugated materials presented here possess a
higher dielectric constant as compared to the unmodified P3HT (£=2.9). Further, the
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dielectric constants of all of the materials presented here are higher than that of PC¢BM,
indicating that the ECNE group and the cyanohexyl group are both attractive routes to
synthetically modifying the dielectric constant of an organic semiconductor. Studying
the data further, a number of trends emerge. In all cases, the ECNE functional group is
found to produce materials with higher dielectric constants as compared to the
cyanohexyl modifying group. More specifically, ECNE-Ra has a dielectric constant of
20.7 at 1 kHz, making it markedly higher than any of the polymers studied here and
higher even than single crystalline silicon. This tremendous increase in dielectric
constant as compared to an unmodified polythiophene demonstrates the strong ability of
the ECNE moiety to increase the dielectric constant of a conjugated material. While the
increase in dielectric constant is strongly desirable, the blueshifted absorption of ECNE-
RR is indicative of little long-range order in the polymer, which may ultimately be
detrimental to the behavior of this material in electronic devices. When the
regioregularity is increased substantially, as in ECNE-RR, the dielectric constant
decreases slightly to 17.3. However, this slight decrease in dielectric constant still gives
a considerably higher value than typically seen for conjugated polymers, and is
concomitant with a considerable redshift in the absorption of the polymer. Therefore the
slight decrease in dielectric constant may ultimately be offset by a considerable increase
in absorption of visible light for the regioregular material.

The extent of modification was also found to have a considerable impact on the
dielectric constant. ECNE-co-T, which consists of the ECNE-containing monomer
alternating with an unsubstituted thiophene, was shown to exhibit a dramatic decrease in
dielectric constant, though this value (12.3) remains competitive with inorganic
semiconductors. Finally, the nature of the modifying group is shown to be important, as
S50CN-P3HT has a dielectric constant that is lower still (6.93) than that of ECNE-co-T,
although it remains higher than that of unmodified P3HT or PCsBM.

Table 3. Dielectric Constants of Semiconductors at 1000 Hz.

Material g at 1000 Hz

ECNE-Ra 20.7

ECNE-RR | 173

ECNE-co-T | 12.3

S0CN-P3HT | 6.93

P3HT 2.9
PCqBM 4.4
Si? 11.7"%

“single crystal
Grazing Incidence X-Ray Diffraction

Some of the polymers developed in this study were analyzed by grazing incidence
x-ray diffraction (GIXS) in order to determine the extent to which they exhibit long-range

order in the solid state. This property is expected to be important in determining charge
transport mobility, another potentially critical parameter in determining the efficiency of
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polythiophenes in photovoltaic devices. Scattering data for the polymers ECNE-RR,
ECNE-co-T, SOCN-P3HT, and P3HT are shown in Figure 4. The relative intensities of
the scattering in the g, direction are also displayed in Figure 5. The polymer ECNE-co-
T, which did not exhibit any evidence of vibronic structure or a significant redshift in
UV-Vis spectra of films, also does not exhibit any evidence for crystallinity by GIXS
analysis. ECNE-RR shows some evidence of long-range order, with a peak at 16.1 A
and a small peak at 3.79 A. The peak at 3.79 A corresponds to n— stacking and is
slightly closer than the 3.85 A found for P3HT, which may be advantageous for charge
transport. However, the relative intensities of the peaks around 3.8 A and the peaks at
16.1 A for ECNE-RR and 17.7 A for P3HT are inverted relative to one another. The
peaks between 16-17 A are indicative of the interchain distance. The shorter interchain
distance for ECNE-RR relative to P3HT suggests that the ECNE-substituted polymer is
able to pack more closely than the hexyl-substituted polymer. The relative intensity of
these peaks is also inverted for SOCN-P3HT relative to P3HT. In the case of SOCN-
P3HT, the n—n stacking distance is the same as for P3HT, but the distance for interchain
packing is 19.0 A rather than 17.7 A as for P3HT. This may indicate that the nitrile
group at the end of the alkyl chains n SOCN-P3HT is acting to increase the spacing
between the chains. The difference in relative intensity between the peaks indicates the
orientation of the polymer chains relative to the substrate is orthogonal to that of P3HT.
While P3HT orients with p-p stacking normal to the substrate, these polymers orient with
p-p stacking parallel to the substrate, which may be highly advantageous for charge
transport in the vertical direction. This may be related to the functional groups on the
alkyl chains, but is most likely the result of lower molecular weights in these polymers;
lower molecular weight polythiophenes have been shown to orient differently in a thin
film relative to their higher molecular weight counterparts.
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Figure 4. GIXS patterns of films of ECNE-RR, SOCN-P3HT, ECNE-co-T, and P3HT
films as cast. The vertical section at g, = 0 is not the true specular direction (i.e., g, = 0)
but is tilted from this.
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Figure 5. GIXS scattering intensities of films of ECNE-RR (blue), SOCN-P3HT
(black), ECNE-co-T (green), and P3HT (gray).
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Conclusions

This work demonstrates the synthesis of conjugated polymers and oligomers with
highly polarizable side chains, and that these functional groups produce a high dielectric
constant in the resulting bulk materials. However, the crystallinity of these materials
appears to be compromised relative to the unmodified P3HT. The changes in solid-state
packing and long-range order can be seen in both the optical properties and in the XRD
of polymer films. This decrease in solid-state packing is expected to negatively impact
the electronic properties of these materials. Future development of conjugated polymers
utilizing dielectric modifying groups should therefore focus on modifying polymers that
do not rely on crystallinity for high charge mobility and light absorption. Some materials
that may be particularly attractive in this regard are donor-acceptor conjugated polymers.
Further, modifying the dielectric constant of the bulk film may be achievable by
introducing small molecules or low molecular weight oligomers with high dielectric
constants. The use of small molecule dopants may allow for an improved balance
between high charge mobility of the polymer chains and high dielectric constants of the
bulk films, though this may further complicate processing of these devices by requiring
the use of a ternary blend in the active layer.

Experimental
Synthesis

All chemicals were purchased from commercial sources and used without further
purification unless otherwise stated. 2,5-bis(trimethylstannyl)thiophene was prepared as
described in the literature. Tetrahydrofuran (THF), N, N-dimethylformamide (DMF), and
toluene were dried by passing through neutral alumina prior to use. All small molecules
were characterized by '"H NMR (400 MHz) and ">C NMR (100 MHz) on a Bruker AVB
400 or AVQ 400. Polymer '"H NMR (500 MHz) spectra were obtained on a Bruker DRX
500. All NMR spectra were referenced to TMS. High-resolution mass spectroscopy and
elemental analysis (CHN) were performed at the University of California, Berkeley
Department of Chemistry analytical services laboratory. IR spectra were recorded on a
Varian 3100 FT-IR as KBr pellets or as solid or liquid films drop-cast on KBr discs.
Melting points are uncorrected. Column chromatography was performed with silica
(230x400 mesh). Polymer molecular weights were determined by size exclusion
chromatography (SEC) using THF as the mobile phase. SEC with THF mobile phase (1
mL/min, 45 °C) was carried out using a Waters GPC 150-CV plus system (Milford, MA)
with an attached M486 tunable absorbance detector (254 nm), calibrated with polystyrene
standards. The instrument was calibrated vs. polystyrene standards (1,050 — 135,000
g/mol) and data was analyzed using Millenium 3.2 software.

2-(2-bromothiophen-3-yl)ethan-1-ol (1): 2-(3-Thienyl)ethanol (10.0 g, 78 mmol, 1 eq)
was dissolved in 400 mL tetrahydrofuran at 0 °C. While stirring at 0 °C, 1,3-Dibromo-
5,5-dimethylhydantoin (11.15 g, 39 mmol, 0.5 eq)) was added in small portions over the
course of 30 minutes. The reaction was allowed to warm to room temperature and stirred
for an additional 2 hours. The reaction mixture was then poured over water and extracted
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into ether. The organic layers were combined and dried with NaSQy, filtered, and solvent
removed under reduced pressure. The resulting liquid was then distilled to give the
product as a clear liquid with a boiling of 61°C at 100 mtorr in 57% yield. 'H NMR (400
MHz, CDCl3) & 7.22 (d, 2H), 6.86 (d, 2H), 3.81 (t, 2H), 2.84 (t, 2H), 2.5 (s, 1H) "°C
NMR (100 MHz, CDCl3) & 137.92, 128.55, 125.70, 110.34, 62.02, 32.73. CHN Calcd.
34.80% C, 3.41% H, 15.48% S. Found 35.11% C, 3.52% H, 15.83% S. HRMS (EI) for
Ce¢H7BrOS Calcd. 207.9381 Found 207.9383 IR (KBr film) 3676, 3650, 3343, 3330 (br),
3107, 2951, 2880, 2361, 2341, 1653, 1559, 1541, 1408, 1374, 1230, 1168, 1046, 992,
880, 852, 831, 721, 691, 669, 637, 586, 476, 424 cm’".

3-[2-(2-bromothiophen-3-yl)ethoxy|propanenitrile (2): To a dry vial was added 2-(2-
bromothiophen-3-yl)ethan-1-ol (5.0 g, 24 mmol, 1 eq) and 8 mL acrylonitrile. The
solution was stirred and cooled to 0 °C, and sodium methoxide (0.02 g, 0.37 mmol, 0.02
eq) was added and the solution gradually warmed to room temperature while stirring
overnight. The next day, the reaction was poured over water and the product extracted
into ether. The organic layers were combined, dried with NaSOy, filtered, and solvent
removed under reduced pressure. The residue was purified using column
chromatography (5% ethyl acetate in dichloromethane/silica) to yield the product as a
clear liquid in 67% yield (4.19 g). "H NMR (400 MHz, CDCls) & 7.19 (d, 1H), 6.87 (d,
1H), 3.64 (m, 4H), 2.87 (t, 2H), 2.56 (t, 2H) *C NMR (100 MHz, CDCl5) 138.00,
128.73, 125.59, 118.06, 109.82, 70.14, 65.35, 29.74, 18.83. CHN Calcd. 41.55% C,
3.87% H, 5.38% N. Found 41.72% C, 4.09% H, 5.40% N. HRMS (EI) for CoH;(BrNOS
Calcd. 258.9666 Found 258.9659. IR (KBr film) 3109, 2872, 2806, 2362, 2340, 2252,
1773, 16153, 1559, 1541, 1466, 1411, 1362, 1329, 1238, 1116, 990, 884, 827, 724, 668,
642 cm .

3-{2-]2-bromo-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-3-
yl]lethoxy}propanenitrile (3): To a dry vial was added bis(1,5-cyclooctadiene)di-p-
methoxydiiridium(I) (0.190 g, 0.29 mmol, 0.015 eq) and 4,4'-di-tert-butyl-2,2'-dipyridyl
(0.155 g, 0.576 mmol, 0.03 eq). The vial was purged with nitrogen for one minute, after
which dry hexane (100 mL) and bis(pinacolato)diboron (2.68 g, 10.5 mmol, 0.55 eq).
The solution was stirred for 10 minutes, then 3-[2-(2-bromothiophen-3-
yl)ethoxy]propanenitrile (5.0 g, 19.2 mmol, 1 eq) was added and the solution stirred
overnight at room temperature. The next day a brown precipitate had formed. All the
solvent was removed and the product was recrystallized in ether at -78°C to yield a white
solid with m.p. 91-93°C in 24% yield (1.77 g). "H NMR (400 MHz, CDCl3) & 7.35 (s,
1H), 3.67 (t, 4H), 2.90 (t, 2H), 2.60 (t, 2H), 1.33 (s, 12H) *C NMR & 138.75, 138.78,
117.34, 83.97, 69.93, 65.50, 65.06, 29.29, 24.36, 18.53, 18.48, 14.93. CHN Calcd.
46.66% C, 5.48% H, 3.63% N. Found 46.87% C, 5.69% H, 3.61% N. HRMS (FAB) for
Ci5H2:BBrNOsS Caled. 386.0552 Found 386.0553. IR (KBr film) 3055, 2985, 2939,
2897, 2799, 2749, 2362, 2341, 2249, 2152, 1975, 1685, 1545, 1438, 1357, 1334, 1295,
1270, 1235, 1211, 1194, 1169, 1128, 1032, 959, 844, 822, 658, 463 cm™"

2-(2,5-dibromothiophen-3-yl)ethan-1-o0l (4): 2-(3-Thienyl)ethanol (2.0 g, 15.6 mmol, 1

eq) was dissolved in 30 mL DMF and cooled to 0 °C. To this solution was added N-
bromosuccinimide (5.83 g, 32.8 mmol, 2.1 eq) in one portion. The reaction was allowed
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to warm slowly to room temperature over the course of two hours, at which point it was
poured over ice water and the product extracted into ether. The combined organic layers
were then washed three times with water, dried with NaSQ,, filtered, and solvent
removed under reduced pressure to yield a pale yellow oil. This oil was applied to a
column (20% ethyl acetate in dichloromethane/silica) and purified to yield 3.89 g of the
product in 87% yield. "H NMR (400 MHz, CDCl3) & 6.88 (s, 1H), 3.82 (m, 2H), 2.82 (t,
2H), 1.49 (1H) *C NMR (100 MHz, CDCl3) & 139.09, 131.25, 110.85, 109.44, 61.84,
32.75. CHN Calcd. 25.2% C, 2.11% H. Found 25.59% C, 2.07% H. HRMS (EI) for
CeHgBr,OS 283.8506 Found 283.8503. IR (KBr film) 3588, 3341, 3317 (br), 2952, 2878,
2362, 1718, 1647, 1542, 1473, 1419, 1356, 1245, 1196, 1162, 1047, 1002, 960, 927, 892,
824, 653 cm’.

3-[2-(2,5-dibromothiophen-3-yl)ethoxy]|propanenitrile (5): 2-(2,5-dibromothiophen-3-
yl)ethan-1-ol (2.43 g, 8.5 mmol, 1 eq) and acrylonitrile (6 mL) were stirred and cooled to
0 °C in a dry vial. Then, sodium methoxide (0.014 g,, 0.25 mmol, 0.03 eq) was added
and the solution allowed to gradually warm to room temperature. The following day the
reaction was poured over water and extracted with ether. The organic layers were
combined and dried with MgSQy, then filtered and the solvent removed to yield an oily
product. The reaction mixture was purified on silica using 5% ethyl acetate in
dichloromethane as the eluent to recover the product as a clear oil in 80% yield. 'H NMR
(400 MHz, CDCls) & 6.88 (s, 1H), 3.65 (m, 4H), 2.81 (d, 2H), 2.60 (t, 2H) *C NMR (100
MHz, CDCls) 6 138.97, 131.38, 117.78, 110.66, 109.21, 70.02, 65.43, 29.80, 18.87. CHN
Calcd. 31.88% C, 2.68% H, 4.13% N. Found 32.14% C, 2.74% H, 4.14% N. HRMS
(EI) for CoHyBr,NOS Calcd. 336.8781 Found 336.8772. IR (KBr film) 3095, 2873, 2802,
2745, 2362, 2252, 1919, 1653, 1542, 1483, 1419, 1366, 1328, 1259, 1224, 1177, 1121,
1050, 1003, 983, 927, 829, 687, 655, 585, 474 cm™.

3-(6-bromohexyl) thiophene (6): 3-bromothiophene (10.2 g, 0.0626 mol) was dissolved
in dried hexane (80 mL), and the solution was cooled to -78°C. 25 mL of 2.5M n-BuLi
hexane solution was then added dropwise, and the solution was stirred at this temperature
for 10 minutes. Dry THF (7 mL) was then added dropwise until the white 3-
lithiothiophene salt precipitated. The solution was then stirred for 1 hour, and then
allowed to warm to -10°C. Dry THF (3 ml) and 1,6-dibromohexane (37ml, 0.24 mol)
were then added to the solution. The solution was stirred at room temperature for 2 hours,
and then washed with water (3%300ml). The organic layer was dried over anhydrous
MgSO,, filtered and concentrated. Distillation at 60°C at 0.18 mbar gave the product as a
colorless liquid (4.33g, 28.0% yield). 'H NMR (500 MHz, CDCls) & 7.22(d, 1H), 6.90(d,
2H), 3.39(t, 2H), 2.62(t, 2H), 1.84(m, 2H), 1.62(m, 2H), 1.44(m, 2H), 1.35(m, 2H) "C
NMR (125 MHz, CDCl;) 6 142.74, 128.10, 125.07, 119.81, 33.89, 32.61, 30.22, 30.01,
28.28, 27.87. HRMS (EI) for C;oH;sBrS Calcd 248.0057; Found 248.0054.

2-bromo-3-(6-bromohexyl) thiophene (7): 3-(6-bromohexyl) thiophene (4.33 g, 0.0175
mol) was dissolved in dry THF (60ml). The solution was cooled in an ice bath, and 1,3-
dibromo-5,5’-dimethylhydantion (2.63 g, 0.00919 mol) was added and the mixture was
stirred at room temperature for 2 hours. After concentrating the mixture under reduced
pressure dry hexane was added, and the mixture was filtered, and concentrated. Further
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purification was carried out via silica gel column chromatography, using hexane as the
eluent. The resulting product was dried under vacuum at 100 mtorr overnight to yield 2-
bromo-3-(6-bromohexyl) thiophene as a clear oil (4.33g, 72% yield). 'H-NMR (500
MHz, CDCls) 6 7.18(d, 1H), 6.78(d, 1H), 3.39(t, 2H), 2.55(t, 2H), 1.86(m, 2H), 1.58(m,
2H), 1.46(m, 2H), 1.35(m, 2H). >C NMR (125 MHz, CDCls,) § 141.54, 128.12, 125.24,
108.90, 33.91, 32.65, 29.46, 29.16, 28.21, 27.88. HRMS (EI) for C,oH;4Br,S Calcd
325.9162; Found 325.9168. CHS anal. calcd for C;oH14Br,S: C 36.83, H 4.33, S 9.83.
Found: C 36.62, H 4.26, S 9.44.

ECNE-Ra: In a dry, three-neck round bottom flask, 5 (1 eq, 1.171 mmol, 0.397 g) was
dissolved in a mixture of 23 mL toluene and 7 mL DMF. Hexamethylditin (1 eq, 1.171
mmol, 0.382 g) was added and the solution degassed by purging with nitrogen for 20
minutes. After degassing, Pd(PPhs)4 (0.10 eq, 0.12 mmol, 0.13 g) was added and the
reaction mixture heated to 105°C overnight. The following day the reaction mixture was
cooled to room temperature and poured over methanol to yield the crude polymer as an
orange-red solid. The polymer was purified by Soxhlet extraction with methanol,
hexanes, and chloroform. The chloroform fraction was concentrated to yield the polymer
as a reddish-orange solid in 48% yield. 'H NMR (500 MHz, CDCls) & 7.0-7.2 (br m, 1H)
3.6-3.9 (m, 4H), 3.1 (s, 1H), 3.9 (s, 1H), 2.6 (s, 2H). SEC (THF) M,, 6 kDa, M,, 10 kDa,
PDI 1.6. IR (NaCl disc) 3663, 3584, 2962, 2922, 2872, 2250, 1660, 1548, 1468, 1413,
1365, 1329, 1261, 1225, 1112, 1020, 797 cm’.

ECNE-co-T: In a dry three-neck round bottom flask, 5 (1 eq, 0.59 mmol, 0.200 g) and
2,5-bis(trimethylstannyl)thiophene (1 eq, 0.59 mmol, 0.242 g) were dissolved in 30 mL
THF. The solution was degassed by purging with nitrogen for 20 minutes, then CsF (4
eq, 2.36 mmol) and Pd(P'Bus), (0.05 eq, 0.03 mmol, 0.015 g) were added under strong
nitrogen pressure. The reaction was then heated to 40°C and allowed to stir overnight.
The following day the reaction was cooled to room temperature and precipitated into
methanol. The polymer was collected by filtration and purified by Soxhlet extraction
with methanol, cyclohexane, ethyl acetate, and chloroform. The chloroform fraction was
recovered and reprecipitated into methanol to give the product as a red-purple solid in
45% yield (70 mg). 'H NMR (500 MHz, CDCls) 8 7.12 (br, 3H), 3.78 (m, 4H), 3.13 (br,
2H), 2.67 (m, 2H) CHN Calcd for C13H;1NOS;, 59.74% C, 4.24% H, 5.36% N, found
56.89% C, 4.37% H, 4.72% N. SEC (THF) M, 3.1 kDa, M, 5 kDa, PDI 1.7. IR 3065,
2962, 2924, 2871, 2252, 1498, 1417, 1361, 1260, 1224, 1112, 1022, 871, 797 cm"".

ECNE-co-3HT: 3 (1 eq, 0.256 mmol, 0.099 g) and 2-(5-bromo-4-n-hexyl-thiophen-2-
yl)-4,4,5,5-tetramethyl-[1,3,2]dioxaborolane (1.84 eq, 0.477 mmol, 0.178 g) were
dissolved in THF (20 mL). In a separate flask, CsF (4 eq, 2 mmol, 0.315 g) was
dissolved in water (2mL). The two solutions were combined and degassed by purging
with nitrogen for 20 minutes. After degassing, Pd,(dba); (0.05 eq, 0.026 mmol, 0.026 g)
and Pd(P'Bus); (0.1 eq, 0.052 mmol, 0.026 g) were added in single portions to the
reaction mixture under strong nitrogen pressure. The reaction was then stirred at room
temperature overnight. The following day the reaction was poured over methanol to
precipitate the crude polymer. The recovered solid was then purified by Soxhlet
extraction with methanol and then chloroform. The chloroform fraction was concentrated
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and reprecipitated into methanol to yield a purple solid, which was then washed by
Soxhlet extraction with hexanes. The material was recovered from the Soxhlet thimble to
yield 97 mg of a purple solid (77% yield). "H NMR & 7.05 (m, ArH), 3.83 (s), 3.78 (m),
3.16 (1), 2.84 (1), 2.66 (t), 1.89 (t), 1.74 (1), 1.47 (m), 1.38 (m), 0.95 (m). SEC (THF) M,,
9.6 kDa, M,, 17.6 kDa, PDI 1.8 IR (NaCl film) 2956, 2926, 2855, 2362, 2335, 2253,
1636, 1508, 1457, 1261, 1113, 1021, 801 cm™,

ECNE-RR: In a three-neck flask, 3 (1 eq, 0.388 mmol, 0.15 g), was dissolved in 40 mL
THF. In a separate container, CsF (4 eq, 1.552 mmol, 0.236 g) was dissolved in 4 mL
water. The solutions were combined and degassed by purging with nitrogen for 20
minutes. Once the solution was degassed, Pd(P'Bus), (0.1 eq, 0.038 mmol, 0.019 g) and
Pd,(dba); (0.05 eq, 0.019 mmol, 0.018 g) were added separately in single portions, and
the reaction was stirred at room temperature overnight. The following day, the reaction
was poured over methanol to yield a purple solid. The crude polymer was further
purified by Soxhlet extraction into THF to yield 32 mg of polymer as a red solid (46%).
'H NMR (500 MHz, CDCl3) 8 7.08 (s, 1H), 3.81 (m, 2H), 3.71 (m, 2H), 3.13 (m, 2H),
2.64 (m, 2H) SEC (THF) M, 4 kDa, My, 5 kDa, PDI 1.3 IR (NaCl film) 2918, 2850,
2362, 2340, 1260, 1107, 1022, 800, 668 cm™.

S50Br-P3HT: Lithium diisopropylamide (LDA) was generated by addition of n-BuLi
(2.5M in hexane, 3.0 mL, 7.50 mmol) to a solution of dry diisopropylamine (1.35 mL,
9.55mmol) in dry THF (18 mL) at -78°C. The solution was stirred at this temperature for
1 hour. The freshly generated LDA solution was added dropwise to the mixture of 2-
bromo-3-(6-bromohexyl)thiophene (1.31 g, 4.02 mmol) and 2-bromo-3-hexylthiophene
(0.99 g, 4.02 mmol) in dry THF (75ml) at -78 °C. After one hour reaction at -78°C,
anhydrous ZnCl, (1.29 g, 9.64 mmol) was added portionwise to the mixture, which was
stirred for 30mins and then warmed slowly to room temperature. Polymerization initiated
by addition of Ni(dppp)Cl, (0.0525 g, 0.97 mmol) to the mixture was carried out at room
temperature for 45 minutes. The solution was quenched by 1.5mL of 1.0N aqueous HCI
in order to stop the polymerization. The polymer was precipitated with MeOH (450 mL)
containing 4.5 mL of NH; 7N in MeOH solution to neutralize it, and the resulting
precipitate was then filtered. Oligomers and impurities in the product were removed by
Soxhlet extractions with MeOH for > 3 hours, followed by hexane extraction for > 5
hours. The resulting solid was dried under vacuum to yield the product in 70% yield. 'H
NMR (500 MHz, CDCls) & 6.96(s, ArH), 3.40(t, Br-CH>), 2.78(t, Ar-CH,), 1.87(br m,
BrCH,-CHy), 1.69(br m, CH;CH,-CH,), 1.2-1.5(br m, CH,) , 0.89(s, CH3) SEC (THF)
M; 20 kDa, My, 31 kDa, PDI 1.2.

S50CN-P3HT: 50% Br-copolymer (0.120 g, 0.29 mmol, 1 eq) was dissolved in a mixture
of dry THF (24 mL) and dry DMF (7 mL). To this solution was added KCN (0.189 g,
2.9 mmol, 10 eq) and 18-crown-6 (0.766 g, 2.9 mmol, 10 eq). The solution was degassed
by purging with nitrogen for 20 minutes, then the solution was heated to 65 °C overnight.
The next day the reaction was cooled to room temperature, and the polymer precipitated
into methanol. The polymer was collected by filtration, subjected to Soxhlet extraction in
methanol overnight, then dried under vacuum overnight to yield 97 mg of product (92 %
yield). "H NMR (500 MHz, CDCls) & 6.98 (d, ArH), 2.82 (t, Ar-CH,), 2.35 (t, CN-CH,),
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1.7 (br m), 1.5-1.3 (br m), 0.91 (t, CHs). SEC (THF) M, 20 kDa, M,, 31 kDa, PDI 1.2. IR
(NaCl film) 3105, 3055, 2929, 2857, 2247, 1558, 1509, 1464, 1457, 1377, 1337, 1149,
1084, 904, 866, 821, 714 cm’™".

Dielectric Constant Measurements

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 S2 was used, with a capacitance C, a parallel
resistance R, a series resistance R, to model the data. The capacitance (C) was used to
calculate the dielectric constant of the polymer film by:
= Cd (1)
&,A4

where d is the thickness of the film, &, is the permittivity of free space, and A is the area
of the elezctrode. Thicknesses of polymer films were ~ 60-70 nm, and the electrode area
was lem”.

g

Grazing Incidence X-ray Diffraction

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.
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