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SUMMARY

Organic semiconducting polymers continue to be developed for electronics because
of their low-cost and high processability which has led to laagga deposition techniques.
That also have the advantage of being mechanically pliant, helping to realize the goal of
flexible electronics. There are two main areas of research regarding semiconducting
polymers: ptype (hole transporting) andtype (electron transportingn the pag there
has been more development in the design and synthestgmd polymers over-type due
to their increased stabilitfhe current drivés to design n-type materials with high electron
mobilitiesthat compare to the high hole mobilities of thgetype counterparts.

This thesis covers the development efype donofacceptor polymers based on
diketopyrrolopyrrole (DPP) moieties for application in OPVs, OFETs, and OECTs.
Chapter 2 includes the complete design, synthesis, characterization, andicalect
performance of DPP copolymerized with benzodithiophene (BDT). A family of polymers
pDPPTh-OSThBDT (P1), pDPPTzOThBDT (P2), andpDPPTzOSThBDT (P3), was
designed to determine the impact of two key structural featilniagpleflanked DPP and
thioalkyl side chains, on the stabilization of frontier molecoldnital energy levels and
electrical propertieswhen the two structural features are used together, they have been
shown to have a combinatorial effect on energyellestabilization.Despite modest
mobilities, OFET devices reveled the thiazienked DPP is essential in achieving the
desired rype performanceOPV performance suffered when these materials were used

with the common acceptor PBM due to poor miscitity. In the same manner,
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photophysical tests showed thBB demonstrates the strongest polaron and exciton
formation, withP1 demonstrating less a2 showing the least.

Chapter 3 covers the design of atype material for OECTS, a field with an even
larger ntype to ptype discrepancy. To date there are only two main examplesypien
polymers for this application, with limited side chain development. dtégptercoupled
thiazoleflanked DPPcontaininga linear methyl ester side chaim bithiopheneo yield
pOMeDPPTz-BTh. The backbone was chosen as it has proven to generate high electron
mobilities in OFETSs, as demonstrated by the average electron mobility ®x110?
cm?/V-s. To obtain the desired OECT performance however, the side chain malsiebe
to induce electronic charges through the collection of ionic charges from an aqueous
electrolyte. Unsurprisingly, the methyl ester did not provide sufficient stability and ionic
induction in agueous environments. By saponifying the methyl ester patassium salt,
the newly formecpK*DPPTzBTh was found to be water soluble. Once filmed, an acid
soak resulted ipCOOH-DPPTzBTh which has stronger hydrogé&onding andhould

result in the desired OECT performance.
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CHAPTER 1. INTRODUCTION

1.1Designing Organic Semiconducting Polymers

Organic semiconducting materials populateedl-establishedield in electronic
devices for a multitude of benefits; unlike their inorganic counterparts, organic
semiconductorsaare more economical, solution processable, and have the potential to
generate flexible electronics due to the readily functionalizediaaduning capabilities
of organic materials®. The flexibility and solution processability allow for large scale
device fabrtation through processes suchrak-to-roll and inkjet printing, without the
need for excessive processing temperatures that stiased electronics require
Though it is unlikely organic electronics will ever completely replace inorganic based
electronics, the loveost light-weight, and easy processing of organic semiconductors
make a compelling argument for the continued aede into designing new organic
materials as well as improving deposition methods

Development in the field has already led to a myriad of applications of organic
semiconductors into devices such as organic photovoltaics (&¥/sdrganic light
emitting diodes (OLEDSY*®, organic field effect transistors (OFE¥%}, energy storage
system&?8 and sensof$33. Figure 1 depictsthree examples of printed or flexible
electronic devices used tod#yat utilize organic semiconductarédvances in organic
semiconductors haed to wearable sensors, flexible commercialized solar panels, and

conformal displays.
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Figure 1. Examples of organic electronics used to make setfs@BVs®, and display¥.

The focus of this thesis is to explore the optical, electronic, and morphological
effects of various structural changesabectron transpding semiconducting polymers for
various devices. The following will provide an introduction on semiconducting polymers
and the devices they are applied in within this manuscript.
1.1.1Molecular Design Features

The field of organic semiconductors has been dominated by two main subjects:
conjugated small molecules and conjugated polyn@osjugated mall moleculesare
advantageous for their relatively easy synthesis and purification, as well as their ability to
form homogenous, tightly packed arrays which can result in high charge carrier
mobilities’”3°, On the other hand, conjugated polymers are often more soluble in common
solvents, have smaller band gapsed possess mogdtractivemechanical and thermal
propertied®>*4. What makes these materials attractive for electronic devices is their ability
to transport charges throudhe conjugated bondsConjugationrefers toa system of
overlappingp orbitals,which allow electrons to be detalized®. This delocalization is
what makes conductivitfli) possible in aganic materials once an outside bias is applied
or the material is dope@onductivity is directly related to the number of charges generated

and their relative mobilitys).



With the addition of each conjugated bam), new bonding”) and antibonding
("*) orbitals are added to the system.FHgure 2 depicts thespacing betweethe highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO)
gets smallewith the addition of each orbitahs n approachesfinity, thespacing between
orbitalsbecomes difficult to distinguisandeventually they take on a similar delocalized
band structure as that of inorganic materials. The delocalized band for occupied orbitals is
known as thevalence ban@dndthe unoccujped orbitalband isthe conduction band’he
space between the top of the valence band (HOMO) and the bottom of the conduction band
(LUMO) makes ughe band gagEg). The size of gplays a significant role in how much
energy is required to generate exgitdharges, which directly correlates to the number of
charge carriers thare producedDetails on thehow to characterie Eg will follow in a

later section.
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Figure 2. Effect of conjugation length, n, on frontierolecular orbital energy levels and
subsequent band formation as conjugation length appresdimaty.

This ability to minimizeEg through polymerization is a huge contributor to the
popularity of semiconducting polymeiSince thediscovery of conductip polyacetylene
in the 1970%, the field of semiconducting polymers has continued to grow, expanding on
design principles fomoreeffective charge transpahd ease of processing major mile
stone was the introduction obnjugatecaromatic ringsrito polymer backbones. Aromatic
rings can planarize the polymer backbonhich is required for p orbitals to overlap and
delocalize electrons between adjacent fihd8 This subsequentifeads to enhanced
intramolecular charge transport down the individual polymer chains as well as

intermoleculatransporthrough™-~ s t gFgkire 3).g



Intramolecular Charge Transport —

Figure 3. lllustration of typicdcharge transport along polymer backbone intramolecularly
and between adjacent polymer chains intermolecularly.

There are myriad examples of aromatic rings that have been employed in various
combinations to yield both hole and electron transporting sewimdors ranging from
simple aromatic rings such as benZ&rf8and thiophen&*°3to more complex derivatige
such as benzodithiophene (BDTY and naphthalenadiimide (NDI). A wide array of
common donor glectronrich/electron transporting) and acceptalectronpoorhole
transportingmoieties is depicted iRigure 4. Examples of polymers employing these units
began with homogenayolymergie. the samainit repeating)such agpolythiopheneA
hinderance of using homogenous polymers however, meant tolifications could alter

the band gaps slightlthrough the introduction of electron donating and withdrawing units,



but it was difficult to drastically alter both the HOMO and LUMO of a single mpaatd

by extension the polymer.
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Figure 4. Examples of common donor (top) and acceptor (bottom) monomers used in
semiconducting polymers.

This progressed into the development of desxaeptor (BA) polymers, whickare
comprise of alternating DA units that when copolymerized together, exhibgnaaller
band gapFKigure 5)°8. ThepolymerEgy lowers as a result of the donor unit contributing to
the HOMO while the acceptor contributes to the LUMO, thus reducing the band gap
relative to either monomer individually. This enables scientists to individually modify
HOMO and LUMO energy levels to tamgspecific optical, electrical, or processing

characteristicfor desired device use.
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Figure 5. Example of DA polymer frontier molecular orbital hybridizatig¢ieft) depicting
each monomer contribution from an exampté [polymer (right)

Finally, the last aspect that must be considered when designing semiconducting
polymers is processabilityAs polymers become more planandamolecular weights
increasesolubility typically decreasesTo compensate fothis, largelinear a branched
side chains are often employed e polymer backbom® € Unfortunately, there is a
drawback to usig large side chainss side chains get larger and bulkier, fienarity of
the backbone can decrease, reducing intramolecular charge trénggicetvise, packing
efficiency of polymer chainsan decreas leading todiminishedintermolecularcharge
carrier mobility. Thus, a balance must be obtained between solubility and charge carrier
mobility.

1.1.2 Optical and Electroni€haracterization

As the previous sctionshave discussedhe size of the gand subsequent charge
transport ability depends on structural desifime size of the g&is not the only factor of
importance when considering polymer design, however. The relative energy gfishee E

direct rehtion to the material stability, both in the neutral and charged form. Before
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discussing how to achieve stability in energy alignment, it is important to explain the
optical and electronic characteristics that will be covered.

There are multiple ways to sleribe the electronic energy levels of semiconducting
polymers, as can be seenRigure 6. The optical properties of materials can be easily
determinedhrough absorption spectra to yietee optical gap, which is the energy for an
excited electron to gérom the ground statéSo) to the first excited statés:). This is

estimated through the onset of absorptiobfrvis spectra with equatiofl).
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Figure 6. lllustration of the electronic energy levels in organic semiconducting polymers
that can be found experimentally whergisSthe ground state and B the first excited
state. Adapted from refereriée

When an electron is excited to a higher energy, it leaves behind a positively charged
hole to which it is still bound and together they are known as an excitorelectronic

devices, charges are collected separatdlich means the exciton must be separated.
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Separating excitongypically requiresmore energythan the optical gap This energy
requirements known asthe exciton binding energylhe optical band gap and exciton
binding energytogether make ughe materias Eg. The Eg, sometimes referred to as a
transport gap, is thus the energy required to generate excitons and separfied¢harge
collection.

Experimentally the HOMO and LUMO are estimated by determiningtfization
potential(IP) and electron affinitf{EA), whereionization potential is the minimum energy
required to remove an electron from the valence band of a hepaees and electron
affinity is the change in energy when an electron is added a neutral &péti€yclic
voltammetry (CV) is the most common electrochemical methawafectly estimating IP
and EA® %8 The technique provides a quick approximation of oxidation and reduction
potentials, which can be converted to IP and EA thndhg following equations:

EiF-Eox o3t V) 2)
Eea=-E ed bPse® V) 3)
where both onsets have been corrected against the formal potential of ferro@ene Fc
While the oxidation and reduction peaks are usé¢hdreare a series of approximations
that cannot be avoided when estimating IP and EA fromr€Widing device setu@mnd
electrolytechoic€’. These assumptions have been discussed as it pertains to both small
molecules and polymé&’ and aremore compellingvhen used in conjunction with other
testing method$o corroboratehe resultsLikewise, for the discussions presented in this
thesis, all CV results were performed outside of a glovebox in cells that had been bubbled
through with nitrogen but were not airtighthe potential for oxygen and water to infiltrate

the cells further higights the need to verify any values obtained.
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Ultraviolet photoelectron spectroscopy (URSH direct method of estimating IP,
as it excites valence electrons using ultraviolet photons under high vacuum and compares
the kinetic energy of those electrangy ai nst t hat of the sAmpl eds
There is debate about the possible discrepancies of UPS estimated IP, as the work function
on the surface of the material could differ from the Blilkowever thee are significantly
fewer assumptions involved than in CMmilarly, the high vacuum the samples are under
while performing the experiments precludes any interference from water or oX3gen.
to the nature of UPS in probing valence electrons only, it cannot be used to estimate EA as
it inherentlycontainsno ekctrons. Inverse photoemission spectroscopy (IPES) is used to
directly measure EA of semiconducting materials by depositing electrons from an electron
gun into the unoccupied states and measuring the energy of the photons as th@y decay
While UPS and IPES atmth more expensive and intensive tests than CV, IPES is a rare
resource and often unattainable, thus highlighting the use of multiple estimation methods.
1.13 N-channelDilemma

When semiconducting polymers are used in devices such as OFETSs, they are
conventionallydescribed irntwo wayswith respect tacharge transportole transporting
(p-channeldevice)andelectron transportingnéchanneldevice) In some cases, materials
can transport both holes and electrons and are characterized as ambipolaghout the
history of semiconducting polymeh®le transportingnaterials have dominated the field
largely due tohigher device stability, especiaily ambient conditiorf§ ¢ 73 Meanwhile,
electron transportingpolymer design has not been as thoroughly studied due to poor

stability andweakmobilities™ 7>
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Electron transportinghaterials are not necessarily unstable in the neutral form, the
instabilityissueglerive from theelectron dopednionform. Oxygen and water both readily
oxidize the anionsas well asact as charge traffs’”. In addition, charge traps can form
within the polymer itself, further reducing overall charge mobifiti€d " Unlike in the
case ohole transportingolymers, thavork functionsof themetalelectrodehave a much
higher charge injection barrieto overcome to inject charges electron transporting
materials Research hadetermined he o6i deal 0 ethesesegniconadutte g n me nt
is to have EA®&vdo atiam suffieientsamiient stabilfsL 0
1.2 Organic Field Effect Transistors
1.2.1 Device Structure

Organic fieldeffect transistors (OFETS) are electronic switches that manipulate
electric fields to induce charge carrier conductivity in organic mat&idlsere are four
main configurations for OFETs: bottom géiettom contact (BGBC), bottom géiep
contact (BGTC), top gatieottom contact (TGBC), and top ghtg contact (TGTCY

(Figure 7).
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Figure 7. Schematic representation of the four OFET architectures.

Each configuration is comprised of the same components, the semiconducting
material, a dielectric layer, and the source, drain, and gate electrodes. |asgttiegate
electrode is separated from the semiconductor by the dielectricVeigerrespect tdoth
bottom gate devices, the gate is applied directly onto the sighstodlowed by the
dielectric layerThe differencen bottom gate devicesomes from the order of the source
and drain deposition; bottom contact devices deposit the source and drain directly on the
dielectric layer, with the semiconductor applied over them. Top contact configurations
deposit the semiconductor on the dieleclaiger, with the electrodes on top. Top gate
configurations use the same BC/TC method but with the dieleictricetweenthe
semiconductor and the gatehich lieson top. Top gate electrodes serve the advantage of
protecting the semiconductor from ambielggradation due to exposure of oxygen or
water, however semiconductor film quality can be damaged in the depositiorphEses

same is true concerning BGTC configurations, as the electrode deposition can compromise
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the semiconductor film. For this reason, BGBC is chdserll projectsanddiscusions
in this thesisas the device configuration toaintain filmstability since ambient exposure
can be regulated by processing and characterizing the devices in inert atmospheres.
BGBC surce and drain electrodes are usually a metal, such as gold, avkich
applied through vapor depositioVapor deposibn is done under vacuum at high
temperatureghe cause of the concern for semiconductor film degradatitopicontact
configurations.Semiconducting polymers can generally be deposited through multiple
methods such as spawoating, bladecoating, ink ¢t printing, and spray coatinghe gate
electrode is typically a metal conductor covered by an insulating dielectric laygnen
a silicon gate electrode is usele tdielectric is commonly an oxide layer, such asSiO
but with the push to generateefible devices, polymeric insulators such as
poly(methylmethacrylate) (PMMA) are also employ&te dielectric layer has proven to
have a dramatic impact on device performance as it can have negative impacts on
semiconductor film morphologgnd subsequertharge carrier mobility valuedue to
surface roughness and a difference in surface enefidiese issues are oftaadressed
with the use of surface treatments on the dielectric layer by growingsssimbled
monolayers (SAMs) of organosilane compouwnthéch increase the hydrophobicity of the
surface.
1.2.2 Operation and Characteristics
There are two classifications for OFET operaticohpnnelhole transportingand
n-channelelectron transportingyvhich depend on the applied voltagesl target charges
In both cases, the amount of current that flows through the semiconducting material

between the source and drain, known as the salrase voltage ¥, is dependent on the
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voltage applied in the gate electrode;. ¥igure 8 depicts thenherent effectyoltage

change$ave on the frontier molecular orbitals fusth semiconductoclassifications
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Figure 8. Ideal OFET orbital alignment to depict the effect of induced voltages amgh
n-channel materials, adtgal from referencé.

Initially, when Vi = O, there is no bias induced in the semiconducting film, thus no
charge mobility(Figure 8, leftmost imageme ani ng t he .ldthevcaseefpi s A 0"
channel materials, a negative kises the HOMO and LUMO such that the HOMO aligns
with the fermi level of the electrodes, which take electrons from the HOMO leaving behind
positively charged holg$igure 8, top middle) Whena Vp is applied, the holes mobilize
and are collecte(Figure 8 topright) and t he .Oretheiothes handswhén@an o
positive \& is applied, negative charges are induced in the semiconductor due to the

lowering of the HOMO and LUMO such that the LUMO aligns with the electrode fermi
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levels Figure 8, bottan middle). When ¥ is applied electrons can flow from the
semiconductor into the electrodésgure 8, bottom right).

Of course, this is all describing an ideal situation, which is oftéthe case imeal
device performance. Semiconducting materialgpesae to charge trappinderiving from
inherentpolymer characteristicsstructural defects in the film, or misalignment between
energy levels of the polymer with the electrddé¥ If these trap states are too deep, they
can become immobile and need to be filledolbe charge become mobileFilling these
deep stategypically resultsi n 't he devi ce tzeroVi.iToascountofor o a't
this, the voltagerequired to mobilizehargesthe threshold voltage V), is reportedin
general, charge traps paichannel transistors lead to a positive changetinwhereas n
channel traps movety negatively.After the trap states are sufficiently filled, the mobile
charge carriers can move, generating a current, |

Arguably the most important parameter in OFEST#he charge carrier mobilitg,
When b is held constant, sweeping ot\generates a current between the source and
drain electrodespl When \b < |[Vs T V|, Ip will scale linearly with \4 and the device is
in the linear regimeOnce \b > [Ve 1 V1| the current becomes saturated, and the device
is in the saturation regime. The equation for the linear regime is as follows:

W V3
L5 €Coxc VoVrnVor= (4)

where Gy is the capacitance of the gate dielectric material, and W and L are the width and
length of the transistor channel. In the saturation regimeutiient can be linearly related

to Ve through the following equation:
WC,
lap=—"¢ Vg-Vrn? )

15



The slope of the linear fit to equatiob)(is € and the xintercept is Wn. Typical BGBC
transistos, pchannel (a) and-nhannel (b),as well as a transfer curve can be seen in

Figure 9.
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Figure 9. Examples of BGBC transistors forghannel (a) and-nhannel (b) devices.
Transfer curve (c) ofghannel polymer adapted from referefice

1.30rganic Photovoltaics

The search for clean and renewable sources of energy is an ongoing battle. One
comnonly explored energy source photovoltaic (PV) devicé&®®, alsoknown assolar
cells. Organic solar cells, comprised of either small moéscolf polymers, are particularly
intriguing asthey can be finguned to have a broad optical absorption aretommonly
derived from earth abundant resourdbssoffering the opportunity for affordable, large
scale fabrication optiofs °°°2, Though they are generally viewed as being sustait¥able
% their power conversion efficiency (PLEas only reached a maximum of 18date,
whichfalls below that of theiinorganiccompetitorsvhich have reached up tG%°. This

largely stems from the fact that inorganics require less energy to excite charges, and have
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longer exciton diffusion lengtA%®®, thus providinghigher charge carrier mobilities than
organics®.
1.3.1 Device Structure

Device architecture for solar cells contain five key componantsidium tin oxide
(ITO) coated glass substrate, two separate charge carrying interlayers, the active material,
and a top electrod@he following will discuss an inverted device structure, as it the only
architecture used in this dissertatibFO is uged as a conductor because of its transparency
and commercial availabilitZinc oxide (ZnO) ispin coated on top to serve as the electron
transporting interlayer (cathode). The active material is blade coated as the next layer,
followed by molybdenum oxel (MoQ). MoOx acts as the hole transporting interlayer
(anode) and is deposited in a thermal evaporator under vacuum. Finally, silver is used as
the top electrod&All devices are tested undaM1.5G as the standard incident light.

Active material deposition can be kem down into three ways: mulayer,
interlocking combs, and bulk heterojunction (BHJ). Midifer was one of the first
fabrication methods where the donor and acceptor would be layered on top of one another
which was relatively easy to achieve througimmon deposition methods such as spin
coating or blade coating. Unfortunately, exciton lifetimes are extremely small and are
limited to traveling approximately 10nm in semiconducting polymers before they
recombine which severely limits the domain sizesaafh material. Films of each material
would need to be limited to 20nm at max to allow for 100% of charges to reach their
perspective electrodes, which is not practical. From there, the concept of developing
i nterl ocking 6c o mb saicetorantenimeexwiasnderleped, tbuethed o n o r

method to achieve this, lithography, is very expensive and time consuming and generally
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impractical for commercialization. Finally, BHJs became established where the donor and
acceptor would be mixed before depositiBhlJs are by far the most practical of methods
for maximizing donofacceptor interfaces and subsequent exciton separation. One
drawback to BHJs is separated charges can get lost or trapped trying to reach the electrodes,
but fabrication parameters (ie. dsition method, solvent choice;M®ratios, etc.) can be
altered to limit this effect.
1.3.2 Operation and Characterization

Organic based solar cells function by absorbing photons from the solar spectrum to
generate excited charges, which can then be collettexy.are comprised of two main
active materials, the donor and acceptor. The energy levels must align as Biggmen
10 for charge transport to occur from one material to the other. For both the donor and
acceptor material, the first step is for a pmoto be absorbed. This creates an excited
electron, which leaves behind a positively charged hole when it is excited to higher energy
levels (step 2). At this point, the bound hole and electron are referred to as an exciton as
they travel through the donmaiogether (step 3). In the case of the donor material, once the
exciton reaches the donacceptor interface the electron separates from the hole (step 4)
into the acceptor material where it is collected at the cathode electrode (step 5). At the same

time, the separated hole has traveled through the donor material to be collected at the anode.
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Figure 10. Energy diagram for charge generation and collection in active materials of
OPVs

For efficient charge transport between theADmaterials the alignment of
molecular orbitals must follow as depictedRigure 10. Excited electrons will travel to
decreased energies, thus if the donor LUMO was lower energy than the acceptor, the
electrons would remain in the donor material and nexa&ch the cathode. Holes travel in
the inverse direction, increasing in energy to reach the anode, thus if the acceptor HOMO
was higher energy than the donor the holes would remain in the acceptor material.

Solar cells are compared through power convargtiiciendes (PCE) which
compare the actual power output of the device to the theoretical power that could be

reached. PCE is calculated through the following equations:
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Where FF ighe fill factor, Vimax and ax are the max voltage and currendds
the open circuit voltagesdis the short circuit current, anch 5 the power of the incident
light. An example ofa typicaloutput curve achieved when testing devices can be seen in
Figure 11 The black curve depicthe currentvoltage curve, where 3¢ and 3c are the
values as the curve crosses thamd yaxis. The theoretical max powerasproduct of
Voc and &c (blue squargwhile the max power observed the product of Waxand Jax
(green squajeFF is the relative area the max power relative to the theoreticalThax.

higher the FF, the closer the device is to operating at the theoretical maximum.

Current (mA/cm?)

Vmax VOC

Voltage (V)

Figure 11. Example currentoltage curve (black line) with theoretical power (blue dotted
line) and max power (green dotted line) depicted.

1.3.3 Material Design Parameters
From the perspective of the active polymer material, fatt@atsmust be considered

for polymer desigiinclude materials structure, associabgticalabsorption profilé?: 102
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electronic bandgap?, the nanoscale morphology of the activgela and the device
fabrication protocolsGeneral active material structure design protocols follow that which
was introduced in Chapter 1, section 1.1.1. As discussed, the aim is to utilize aromatic units
with limited torsional angles to maximize chargansport throughout the polymer
backboneandallowfor" st acking i nduced i nRolgmermfod ecul a
OPVs depend on the solar energy for charge generation, most of which within the visible
light region, ranging from 38@00nm.As such, materials must be designed to maximize
absorption within this range to allow for optical charge generatidrabsorption overlap
with the partner material in the devidglectronic molecular orbital energy levels, mainly
the HOMO and LUMO, must be designed to minimize energy barriers for exciton
generation. Unfortunately, minimizing the gap results in smallenaprcuit voltages
(Voc), which limit power levels for the device, so a balance must be attained between the
two.
1.4 Photophysical Excitation
1.4.1 Introduction

Photophysical responses in polymers provide information on excited states and
structural featurg®3. For instance, photophysical tests can help determine the existence of
excitons and polarons isemiconducting materials, which are essential for optical and
electronic propertié8*. As discussed in previous sections, an exciton regatively
charged excited electron hadiwith the positively charged hole it generates when leaving
ground state that together form a neutral excited state. A polaron is a charged excited state,
which can move among excited statégure 12 depicts the frontier orbital energy levels

of each ype of excitation.
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Figure 12. Example ofneutralexciton ancchargedoolaron excitations at the
HOMO/LUMO energy levels adapted from referefite

Excitons are typically indicative of intramolecular charge transport because the
electron and hole can delocalize across a few repeat units within a single polymer chain.
They are not however, unlikely to travel and separate betivéestacks. Typically, when
intermolecular charge transport is occurring it is due to polarons. Optical excitations can
be used to demonstrate these occurrences through aggregative bebfvior
homopolymer$® 1% Jaggregates describe materials that orient themselves in ddiead
tail manner, which correspond to intramolecular charge tranSpy. are seemioptical
absorption spectra with a dominating &bsorption peakigwest energy H-aggregates

thus describe intermolecular charge transport, typical oflsrede alignmentOptical
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spectra dominated bydggregates have a larger peak(higher energy Figure 13maps

the difference in aggregation and optical signatur@shomopolymer
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Figure 13. Visual representation af homopolymeoptical spectra for-hnd Haggregates
with pink polymer chairsegmentsepresenting each packing style.

1.4.2 Basics of PumBrobe Spectroscopy

Thesephotophysicakvents happen on a tirseale of 16° to 102 seconds and
can baletected through pumgrobe transient absorption spectroscopy. First, an excitation
pump pulses absorbed by the sample generating excited states in the material. Shortly
after the first pulse a second, much weaker pulse is used to generate the steady state
absorptiori it only excites to the lowest excited state to be subtracted from the first high
excitation pulse. There are three main spectral features that can be detected when plotting
change irtransmissiorvs energy or wavelength; the first is the ground state bleach (GSB),
represented by positive i, which is the result of the depletion gfound state (3
molecules as they become excited to the first excited stateS§&cond in stimulated
emission (SE), aegativeqdl, which is when an excited electron inr8turns to & In this

case, the molecule is releasing a second photon in sporthe pulse generated one,
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which is also being collected by the detector. Finally, the last spectral signature of

importance is photoinduced absorption (PA), alseegativeql, the result of transition
from excitation state to a further excitation.
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Figure 14. Example of isolated and aggregated polymer clhéirspectra, with arrows
indicating the change in transmission, adapted from refef&nce

Morphology of polymer chains play a big role in spectral signataseseen in
Figure 14. For instance, polymer charge transport and resulting TA spectra will change
based on the level of aggregation, especfadign solution to film. In solution, polymer
chains will be further apart which limits interchain charge transport. While very long
polymer chains can generate intrachain polaron painsre than one polaron on the
chain which can move independently along the backbdhe overall charge transport
will still be limited, minimizing PA and SE peaks. On the other hand, while tightly
paclked polymer chains in film are more likely to have successful interchain charge
transfer, they also have an increased chance of forming neutral polaron pairs between

adjacent chains, which quenches SE. Thus, elucidating the@wvgilex structure
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property elationship of semiconducting polymers and the importance of probing charge
transport characteristics.
1.50rganic Electrochemical Transistors
15.1 Introduction to OECTs

Organic electrochemical transistors (OEGTBbugh similar to OFETS, differ in
one majorway; the doping methodtilizes ionic charges from an aqueous electrolyte to
induce electronic mobility in the active mateltal'%® As discusseth previous sections,
OFETs are processesblely from organic solventsand must be fabricated under inert
atmosphere to prevent oxygen and water from degrading the desiid is especially
truefor electron transportingnaterials OECT active materials should still be processable
in organic solvents but be electrochemicalighde in agueous environmenEgure 15

depicts the device structuoé an OECT.

reference electrode/ r — — — — — -
biological element

electrolyte

electrodes | ri
polymer |

__________ T Reference Voltage=0V Reference Voltage >0V
electric current Device OFF Device ON

Figure 15. Visual representation of OECT device with charge generation at the pelymer
electrode interface for aghannel deviceadapted from refencé®.

OFETs only induce charges at the interface of the active material, whef€as0O
induce them throughout the bulk of the material. For the ions to penetrate beyond the
interface of active | ayer, the materi al m L
volumeand morphological alignmeigis the material swell§here isa catch with being

too Asofto and s wadthe presgncetddn®andnater ih thehnmateralv e r
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channelcanactually lowercrystallinity, and by extensiamansconductance and switching
speed&? 1! Too much swelling could result in decreased charge mobility, too little could
prevent chargesom forming in the first placeDue to the 3D nature of charge generation
and collection, mobility measurements are more extensive than OFETs. OECT mobility

performance is described as transconductangeafgd calculated with equati¢8):
Wd
9.~ ¢C (VraVe) (8)
whereW is the channel widthd is the channel thickness, L is the channel lerggth,i s t h e

charge carrier mobility, C* is the volumetric capacitance,i¥'the threshold voltage, and

Vg is the gate voltageThis equation can bbroken into three key parts: the channel

di mensions, active mater i alfl?t Baahrpartioneani st i ¢

significantly change # resulting transconductance, thus highlighting the importance of
reporting each componemtlong with transconductance, other key parameters that should
be reported arswitching times, ofoff ratios, and stability#>.
1.5.2 OECT Active Material Design
As it stands, there are still few definitive design parameters for OECT active
materials, in part due to the transconductance dependence on device compomearits
as material performanceéypically, the goals to attain highly crystalline polymers as they
generally have better charge carrier mobility as a result of backbone planarity permitting
intrachain transport and tightly packed stacking allowingnterchain transpott: 116 117
In the case of OECTs however, when crystallinity was maximized it became apparent that
ion injection into the film became strained, limiting ionic and electronic trartéport
However, just as in the case of OFEMs|e transportindECT polymers have

been further developed thafectron transportingolymers(Figure 16). This isagainfor
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similar reasons in thdtole transportingnaterialsare more electrochemically stable in
agueous environmengnd often synthetically easier to achieVeée most renowned and
applied hole transportingconducting polymer is poly(3,4ethylenedioxythiophene):
polystyrene sulfonate (PEDOT:PSS), with a trandaatance as high as approximately 20
mS. PEDOT:PSS is incredibly stable, exhibits high volumetric capacitance, and is
mechanically compliant, making it the leader in flexible and stretchable OECT déYices
121 Otherhole transportingnaterialsbased on polythiophenes, benzodithiophenes, and
propylenedioxythiophene (ProDOT) have been efflgyed with varying degrees of
succes¥? 22 One common theme amongst them is the use of hydrophilic side ,chains
primarily ethylene glycols, which allow for ion integration into the bulk of thefifm
Studies comparing the percentage of glycolated side chains against typical hydrocarbon
confirmed the hydrophilic nature of the glycol groups drastically improved ionic

transport?.
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Figure 16. Examples of hole and eleoh transporting materials that have been used for
OECTs.

There are two maielectron transportingolymers that have been developed for
OECT performancbased omNDI and poly(benzobisimidazobenzophenanthroline) (BBL).
PolymericNDI has been designed wittarious percentages of hydrophilic vs hydrophobic
side chains and confirmed similar results to that othtble transportingnaterials in that
hydrophilic side chains are necessary for sufficient ion penett&tidh Unfortunately,
despite high capacitances and ion injection, the torsional flexibility among the NDI
backbone led to poor electron mobility. On the other hand, BBL is a ladder polymer with
high dectron mobilities but due to the planar nature of the polymer and lack of side chain,
the ion injection was slow, resulting in low switching spé&d¥hese examples illustrate
the complexity that comes with designimgectron transportingnaterials for OECT

performance; the polymerust have high charge carrier mobilities, high crystallinity, and
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be stable to the electrochemical window of water while being soft enough to allow for ion
penetration without absorbing so maionic chargesthat electronic charge transport

suffers.Needles to say, there is still much to learn in this field.
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CHAPTER 2. FROM SYNTHESIS TO ELECTRONIC DEVICE FABRICATION: A

MECHANISTIC STUDY OF DPP -BDT POLYMER FILMS

2.1 Introduction

Organic semiconducting polymers are a popular topic of research fouseein
electronicdevices, such a®rganic light emitting diodes (OLEDsyrganic field effect
transistors (OFETS) and solar célis* 13134 Relative to inorganic semiconductors,
organic semiconductorffer an attractive advantagedue to anticipatedhigher
affordability, improvedsustainability, easier larggcale fabrication, and the potential for
use in flexible devicgs® 29 90 135 1365 hstantial research has bemmnducted on the
development ofole transportingnaterial$® 137 138 put the design aflectron transporting
counterparts and the inherent effects of molecular structure on electronic performance has
yet to be as extensively explored, due in parth# complicated synthesis and relative
instability of the material€™ **® Current research is aimed atsaming new electron
transpotp ol ymer s with increased -"ambn teert a csttiadon sl,
limiting the size obandgap to optimize the number of charge carfi&rs: 14942 Donor
acceptor (DA) polymers are an attractive arena in semiconducting polymers as they
present an advémgeous opportunity of finkining electronic energy levéf$i+,

In this manuscript, we analyze the use of thiaflaleked dikteopyrrolopyrrole
(DPP) & the acceptor moiety copolymerized with benzodithiophene (BDT) as the donor.
DPP is a widely known acceptor that has been used in semiconducting small molecules

and polymers alike for its relatively simple synthesis, senystalline structure, araeral
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stability!*¢1>°. The electron deficiency of thiazole has been utilized to generate electron
transporting polymers with decreased electromiifés (EA) and ionization potentials (IP)
in naphthalene diimidé’, imidet>> 53 thienothiophen&* and DPBF*>!%8 polymers.
Specifically, when DPP is fiikked by thiazoles, the resulting structure exhibits a near zero
torsional angle, due to a favorable pi orbital alignment between the thizesde sulfur
and DPPbased oxygef®. This in turn resulted in polymer backbones witktended
planarization, coupled with increased quinoidal characteristics and effective charge carrier
mobility for the polymers. BDT was chosen as the donor for its commercial availability,
ease of functionalization, and planar structiré®®2 To ensure solubility for ease of
processing, the DPP moieties were designed to havenahed 2octyldecyl side chain,
while the BDT moieties utilized octhiophene side chains that offer the potential to
extend conjugation into a second dimension, facilitating charge carrier mébifity The
impact of thioalkyl side chains vs simply alkylated thiophene substituents on BDT was
examined as well, since thioalkyl units have been shown to lower the electron affinity in
electronic band gaps, effectively increaspuymer sability®” 166

A set of polymersvasdesigned to ascertain the efficacy of the electron eefici
thiazole DPRand octyithiol side chains, and gaugdnether the overall impact is additive.
The first polymepDPPTz-OThBDT (P1) combines thiazole DPP with BDT substituted
with a purely hydrocarbehased side chain. The next in the sep&RPTh-OSThBDT
(P2), applies the octythiol side chain to BDT but uses thiophedtenked DPP. The final
polymer pDPPTz-OSThBDT (P3) combines thiazole DPP with octiliol side chain
substitited BDT, allowing examination of the impact of the described structural variations.

lonization potentials (IP) and electron affinities (EA) were estimated using cyclic
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voltammetry and ultraviolet photoelectron spectroscopy (UPB. photophysical and
electronic properties d?1, P2andP3are reported, and their polaron formation is evaluated
through transient absorption spectrosco@FET charge carrier mobilities were
approximated allowing for an evaluation on the individual and combined impacts of each
structural change on polymer performan&@ally, preliminary OPV performance is
obtained using the common acceptor7fBM, including a morphological analysis and
potential next steps.
2.2 Resultsand Discussion
2.2.1 Polymer Design and Synthesis

The gerral procedure for synthesizing the monomers and subsequent polymers
can be found inSchemes 12 (synthetic detailsand characterizatiosan be found in
Experimental sectign Stille coupling was used to copolymerize the target units under
microwave conditions (1h, 160 °C). Soxhlet extraction was used for purification to yield

the desired polymer®1, P2, andP3.

32



Schemel. Schematic representation thfe synthetic procedure for preparing monomers
M1 and M2, and subsequent polymerization to affétd
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Scheme2. Schematic representation of the synthetic procedure for preparing monomers
M3 and M4, and subsequent polymerizatioafford P2 andP3.
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Polymer molecular weight was determined vightemperature ggbermeation

chromatography (HIGPC) at 135°C using 1,34-trichlorobenzene as the elueand

polystyrene as thealibration standard As presented imrable 1, the number average
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molecular weights (M) are modest, ranging from 1B kDa, while the mass average

molecular weight (M) reaches up t87 kDa. It is important to note that the GPC curves

for each of the polymers have a noticeable shoulder in the lowerutasl@eight region,

suggesting the Soxhlet did not fully separate the smaller chains from the larger. This in

turn explains the relatively larggolydispersity indegs ( &)

f

(0]

r

a l

oft hr ee

approximately3.1-3.6. Despite that, ese results are ithe range of what is typically

reported for DPABDT systens when using polystyrene as a calibration starfetafd'e®,

Table 1. Molecular weight data as obtained from high temperature GPC &CL85ing

1,2,4-trichlorobenzene as the eluamd polystyrene as tloalibrationstandard

Mhn (kDa) Mw (kDa) a
P1 18.4 56.8 3.1
P2 17.2 57.1 3.3
P3 11.9 42.8 3.6

Figure 17. GPC characterization &1 with TCB at 135°C?,

! High temperature GPC analysis done by BamCox
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Figure 18. GPC characterization &2 with TCB at 135°C?,
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Figure 19. GPC characterization &3 with TCB at 135°C2.

Thermal analysis was conducted using thermogravimetric analysis (aGd\)

differential scanning calorimetry (DSAO)GA showsP1is stable up t874°C, P2is stable

up to B7°

P1from 50 to85 °C, P2 from 55 to 85°C andP3from 60 to 90°C, which is suspected to

be possible side chain meltinghere are no other theal transitions of note in any of the

C, andP3is stable up to= °C. DSC shows slightendothermic transition for

polymers within the 25 to 30C range.

2 High temperature GPC analysis done by Bronson Cox
3 High temperature GPC analysis done by Bronson Cox
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Figure 20. Thermogravimetric analysis (TGA) d?1 in a nitrogen atmosphere (25
mL/min) at a heating rate of 2&/min.
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Figure 21. Thermogravimetric analysis (TGA) d?2 in a nitrogen atmosphere (25
mL/min) at a heating rate of 2&/min.
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Figure 22. Thermogravimetric analysis (TGA) d?P3 in a nitrogen atmosphere (25
mL/min) at aheating rate of 10C/min.
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Figure 23. DSC characterization curve &1 from 25 °C to 300°C based on third

heating/cooling cycle in a nitrogen atmosphere with a nitrogen flow rate of 50 mL/min and
a heating/cooling rate of 2@C/min.
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Figure 24. DSC characterization curve &2 from 25 °C to 300°C based on third

heating/cooling cycle in a nitrogen atmosphere with a nitrogen flow rate of 50 mL/min and
a heating/cooling rate of 2C/min.
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Figure 25. DSC characterization curve &3 from 25 °C to 300°C based on third
heathg/cooling cycle in a nitrogen atmosphere with a nitrogen flow rate of 50 mL/min and
a heating/cooling rate of 2@/min.

40



2.2.2 Optical and Electronic Properties

Wavelength (nm)

1000 800 600 400
1 T T T T
—P1| |- —:P1film
—P2| |- = P2film
g 10F ——P3 |- - P3film 110
C
© _ . : al
o) / ¥
3 ! i TS
< : /s - -
ge) l ' -
GJ - —
N !
® 05F | 405
& - i
S It
=z I
’//
2
0.0 et ' ' ' ' L1 0.0
1.5 2.0 2.5 3.0 3.5 4.0

Energy (eV)

Figure 26. UV-vis spectra foP1, P2, andP3 both in solution (chloroform) and thifiim
state.

Ultraviolet-visible (UV-vis) spectravere collectedor P1, P2, andP3in solution
andsolidified thinfilm s to estimatethe optical band gajor each polymer (&opt) (Figure
26). As can be seeby examnation of Figure 26, P2 exhibited the lowest energy
absorptiormaximum(Emac®) of 1.65 eV (750 nm) and lowes§ &= of 1.32eV (941 nm)
in solution and in a solidified thifim (1.64 eV and 1.1%V for Ena™ and Egop™,

respectively)Theremaining polymerd1& P3exhibitalmost identical absorption spectra
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in solution. The same can be saidRif & P3in the solid film state, despite the curves
shifting to a lower energy. In solutionn&° for P1 & P3 appears at 1.73 and 1.8V,
respectively; while Fopt® is 1.51 and 1.5@V. As in the case d?2, in thinfilms, Ema™
(1.70eV for both) anddp™ (1.35 and 1.38V) forP1& P3shift to slightly lower energy.
The high intensitypeaksin the bwer energy rangg€l.5-2.0 eV)are attributed t@olymer
excitation, whereas the two less intense peaks at higher energy lev@$(@V) are likely
due to individual monomer excitation8. summary of theoptical excitationvalues is
presented iTable 2.

P2 has the lowest energy &{'™ of 1.19eV in the thinfilm state compared to 1.35
and 1.33eV for the thiazole analo@s, andP3. The significantly smaller optical gap of
P2 versus the thiazole polymers suggests that thiophene flanked DPP has a lower energy
barrier to generatexcited statesTaking into account that the only difference betweén
andP3is the addition of the thioalkyl side chain®3, the small differencan Egopt both
in solution and solidified thifilms between the polymersuggest that incorporating
thiazole into the DPPbased polymemplays a stronger role iminimizing Eyopt than
introducing thioalkyl side chain substituents It is interesting to nie@ thatthe max
absorption folP2 has a smaller red shift of only approximatdly0leV in film statethan
eitherP1 or P3 (0.07 eV and0.05 eV, respectively) The observed energyifferenceis
likely due tothe thiazole moiety, which allows fori g h't et dac ki ng dueghan t h

to a decreased torsional angle between the flanking moiety and’DfP
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Table 2. Polymer optoelectronic and electrochemical properties.

Po|ymer Emaxsol Eg,optSOI Emaxmm Eg,optﬂlm EA IP Eg,ec |PUPS
(eVy (eVy (ev) (eV)y | (eV)P | (evy | (eV) | (eVF

P1 1.73 151 1.70 1.35 3.86 5.73 1.87 5.80
P2 1.65 1.32 1.64 1.19 3.68 5.65 1.97 5.63
P3 1.75 1.50 1.70 1.33 3.82 5.71 1.89 5.93

8UV-vis absorption spectra of polymers in chloroform and blade coated with optical
bandgap estimated from absorption onset usiggnE 1 204D El@ctrochemically
estimated electron affinity, ionization potential, and bandgap as found through the
oxidation and reduction potentials in CNonization potential as estimated from UPS.
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Figure 27. Electrochemical characterizan of P1 polymer film under cyclic voltammetry
(CV). P1 thin films were dropcasted on glassy carbon electrodes from chloroform
solutions using TBAPE0.5M, propylene carbonate) as the electrolyte and Ag(2@nM
AgNOsz/MeCN, 0.® V vs Fc/F¢) for the eference electrodeNitrogen was bubbled
through cells for 10 minutes.
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Figure 28. Electrochemical characterization®2 polymer film under cyclic voltammetry
(CV). P2 thin films were dropasted on glassy carbon electrodes from chloroform
solutions using TBAPF6 (0.5M, propylene carbonate) as the electrolyte and Ag/Ag+
(10nM AgNQ/MeCN, 0.®@V vs Fc/F¢) for the referencelectrode Nitrogen was bubbled
through cells for 10 minutes.
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Figure 29. Electrochemical characterization®8 polymer film under cyclic voltammetry
(CV). P3 thin films were dropcasted on glassy carbon electrodes from chloroform
solutions using TBAPE0.5M, propylene carbonate) as the electrolyte and Ag(AgnM
AgNOs/MeCN, 0.® V vs Fc/F¢) for the reference electroddlitrogen was bubbled

through cells for 10 minutes.

EA and I[P were estimatedthrough theirreversible reduction and oxidation
potentials in cyclic voltammetry (CVY@ble 2). The EA and IP were found to be 3.86 and
5.73eV for P1, 3.68 and 5.68V for P2, and 3.82 and 5.7dV for P3. The polymers with
thiazole flanked DPPR & P3) have almost identical @ttrochemical band gapsgy(& of

1.87 and 1.8@V, while the thiophene flanked DP2, demonstrates a largeg &of 1.97

ev.
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Figure 30. UPS characterization of blad®atedP1 film on ITO-coated glass. Inset is
zoomedin on lower binding energy region of UPS spectrum.

45



3000+

1.0x10°

8.0x10°

6.0x10°

Intensity (cps)

4.0x10°

2.0x10°

oo L]

15 10 I 5 0
Binding Energy (eV)

Figure 31 UPS characterization of blad®atedP2 film on OTScoated glass. Inset is
zoomedin on lower region binding energy of BRpectrum.
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Figure 32. UPS characterization of blad®atedP3 film on OTScoated glass. Inset is
zoomedin on lower region binding energy of UPS spectrum.
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Ultraviolet photoelectron spectroscopy (UR&)s another method used toirestte
the ionization potentials of the polymer thin films due to the inherent uncertainty tied to
the assumptions made in the conversion factors that relate redox potential calculations to
solid-stateionization potentialsn CV®? 87 The ionization potentials are 5.80, 5.63, and
5.93eV for P1, P2, andP3, respectively Thesevalues are lower energy than those found
with CV, but this is a consistent trend found in polyrffeté°due to the aforementioned
assumptions made when calculating oxidation and reduction poteatidithe extreme
vacuum samples are placed under when performing UPS measurentecitsporevents
any water or oxygen fronmpactingthe IP valuesThe thiazole containing polymern31
andP3, have a notably larger decrease of IP in UPS relative to the thiophene DPP. This is
likely due to the increased order of polymer chains in bladted films for UPS compared
to the drop cast films used in CV. This further supports the trend seenwsld¥ thiazole
polymers showed a larger shift in energy from solution to film than the thiophene polymer.
Without access to inversion photoemissipectroscopy (IPES), a rare and expensive
machine, there is no way to estimate EA with the same level of certainty that UPS estimates
IPL, For this reasorkigure 33 maps the ionization potentials as found from UPS with the
Egeccalculated from CV to visually compatiee energy levelof P1, P2, andP3 against

the common acceptor unit PBM.
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Figure 33. Depictionof the electronic transport gaps of P1, P2, andeRive to PCBM,
using IP found from UPS and electrochemical band gaps from CV.

Remarkably P2 has the largesEgec0f 1.97eV as found from CV. Thismdicates
that despite its optical gap being tlsenallest,P2 has the largest electrdrmole binding
energyof approximately 0.78V, compared to 0.52 and 0.6€ inP1andP3. This in turn
signifies that thouglP2 requires the least amount of energyptically excite chargest
has the highest enerdparrier to separate and subsequently collect charges, likely resulting
in severely hindere®PV performancelPs as found from UPS combined with the
electrochemical gecfrom CV illustrate the vast difference between energy stabilization of
thiopheneDPPand thiazoleDPP. AsFigure 33 depicts, the electron affinities &1 and
P3are similar to one another, with a difference of onlyd/1whileP2lies 0.270.37eV
higher. This indicates that thiazole as a replacement for thiophene has a significantly
stronger impact on lowering molecular energy levels than the presetigelaontaining

side chains. In addition, these results further confirm that both structural changes stabilize
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polymer energy levels and have a synergistic relationship. Frontiealalbgnment also
show all three polymers have EAs higher than;1B®, indicating they all could
potentially function as donor materials when used withiBK2. The change in energy
from P2to PG1BM of 0.5 eV is much larger than that of the thiazole polyn(@&7 and
0.17 eV forP1 andP3 respectively) suggesting there could be a larger driving force for
electron injection from the donor to acceptor material.
22.30FETs

Organic field effect transistors (OFETs) wdabricatedby blade coatinghe
polymes from chloroform solution (10 mg/mL) to determinetheir charge carrier
mobilities The data presented Trable 3 demonstratethateach polymer has some degree
of ambipohrity, andP2 is approximately 3.5 times better at moving charges than the
thiazole analogsThe electron mobilities faP1, P2, andP3are 8.3 x 18, 8.1 x 104, and
8.5 x10° c?/V-s, respectively; and the haeobilities are respectivelt,.2x10° 3.5 x 10
4 and 2.1 x 18 cm?/V-s. It is clearP2 has a higher proclivity for hole transport than either
thiazole polymer, as seenTrable 3 andFigure 34. The electron mobility values fél
andP3 are approximatg four times higher than their hole mobilities, indicating they are
superior at transporting electrons. Transfer curvé®a@ndP3 are shown irFigure 34to
demonstrate the stability of charge carrier mobility over six consecutive sweeps for

thiophene s thiazole analog$2 shows almost no change nmobility curvesthroughout
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the sequence buR3 hasa clear decline irthe curvesfor holes with each cycle despite
maintaining consistent electraounts
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@ e o om
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Figure 34. Transfer curves of six consecutive sweepsd(left) andP3 (right) using a
Vg of -80 V. Solid arrows represent forward sweb.is representative of both thiazole
containing polymers.

Table 3. Average hole and electron charge carrier mobilities as found through BGBC
OFETsin the saturation regime

Hole Electron
en(CM?/V-s) | Vin (V) | ge(cm?/V:s) | Vin (V)
P1 1.2x 10° 7 8.3x 10° 39
P2 3.5x10% 32 8.1x10% 59
P3 2.1x10° 0 8.5x 10° 23

While the mobility values were modestgnificant insightcanstill be ascertained
from thesetests All three polymers demonstrate hysteresis in the reverse sweep for both
holes and electrons, indicative of charge trappBig.consecutive transfer cusv@-igure
34) reveal thaP2 is relatively stable with almost no change in hole or electron mobility
over the course of the sequence. SimilaRy{, and P3 show relatively no change for

electron mobility but there is decrease in mobilityn the negative voltage rangéhe
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decrease in current coupled with the shifting threshold voltage is due to theirbsss
effect’LWhile this results in an overestimation of hole mobilities, the stabilization of the
electron mobilities i1 and P3 paired with the lowlying frontier orbitals suggest they
may function better as acceptor materials in OPVherahan donors.
2.2.4 OPVs

Solar cells were fabricated using an inverted structure of
glass/ITO/ZnO/polymer:PEZBM/MoO3/Ag. The polymers were blade coated from
chloroform B5mg/mL) on a40 °Cheated stage at 25 mm/s. Solar dellice performance
can befound inTable 4. The average device efficiencies wenedest aD.19, 0.12, and
0.03 %with fill factors of 41, 35, and 31 %r P1, P2, andP3, respectivelyVoc for the
thiazole polymers are relatively similar (0.88 and 0.90 VFdrandP3), which is to be
expected as it is a direct correlation todifeerence ofiP in the donor material and the EA
in the acceptor materidP2 demonstrates a smallépc of 0.53 Vasa result of the higher
IP as discovered in CV and URKcis where a drstic difference can be seen betwésn
family of polymers explaining the trend in PCIP1 demonstrates the highest average J
of 0.53 mA/cn3, followed byP2 with an average of 0.37 mA/&andP3with an average
of 0.12 mA/cm. The low 3cin P3could ke explained by the preferred electron transport
in the material, as found in OFET devices, but this does not explairPhaeached the
highest dc. Likewise, despite showing the best hole transporting capabilities in OPETSs,

was not the best performing when used withB®!.
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Table 4. OPV device characteristicg polymers with PCBMand DIQ

Polyme/PCBM | Jsc (mA/cm?) | Voc (V) | FF (%)] PCE (%)
P1 0.53+0.02 | 0.88+0.02| 41+ 2 | 0.19+ 0.02
P2 037+0.32 | 053+ 0.24| 35+2|012+0.10
P3 0.12+ 0.2 | 0.90+0.02| 31+ 1 | 0.03+0.01

Current (mA/cm?)

—— P3:PCBM

058 . — — — 0.8
0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

Figure 35. Current densityvoltage curve of 1:1 polymer blends with PCBM.

All polymer devices were also fabricated combiniifyand P3 as the acceptor
materials each witR2 as the donor material. It was expected that their similar backbones
would allow them to be miscible and possibly result in superior device efficienciagyiho
they did result in smoother surfadbéan when combined with PBCIFigure 41in Thin
Film SurfaceMorphology, unfortunately there was raurrent observedor any of the
devices so despite having an averslge of 0.62 and 0.45 V foP1/P2andP3/P2 there

were no efficiency values to report.
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2.2.5 Thin FilmSurfaceMorphology

Atomic force microscopy (AFM) was used to probe the surface roughness of the
neat polymer films as well adevices to ascertain if the surface morphology could be a
factor in the low PCE values. It was already discovered that the polymers had poor
solubility and would devet in anyorganicsolvents other than chloroform, as depicted in
Figures 36-38. As Figure 36 shows, the thin films are very smooth when coated from
chloroform, with a height profile of only 3.9m between the three polymers. When p
xylene was used-{gure 37) P1andP3 showed only a slight increase in height profile to
9 nm, but overall, stillmaintained relatively smooth fiim$2 however showed large
aggregates with a height profile reaching 64nm, believed to be the result of poor solubility.
The opposite was true when films were formed in chlorobenzeR2 sisowed relatively
smoothand unifam films wherea$*1andP3had clear devetting as noted by the speckled

AFM profiles inFigure 38.
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kP2 at 40°C
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Figure 36. AFM images of each polymer bladeated from chloroform (10mg/ml) at 4D
onto OTS18 modified SiQ substrates.

Pl at 90°@" + P2 at 90°C P3-at 90°C
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Figure 37. AFM images of each polymer imyylene (10mg/ml) bladeoated at 9TC onto
OTS18 modified SiQ substrats.
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Figure 38. AFM images of each polymer in chlorobenzene (10mg/mL) btadeed at
90°C onto OTS18 modified SiQsubstrates. Inserts are providedPdrandP3to enhance
the dewetting effect.

Finally, thel:1 polymer:P@BM blends in chloroform (35 mg/mL) on Zn§pin
coated glass substrates were analyzed in ARNuUre 39). It is immediately apparent that
there idarge scalgphase separation occurring for each combination, espeicidlig case
of the thiazole polymerss thephase separation reached diameters of approximately
200nm forP1 and P3. With the average exciton diffusion length of semiconducting
polymers beingppioximately10nm, this indicates that roughly 90% of charges generated
were undergoing recombination before they reached the -@meeptor interfacenhich
would certainly impede device efficiencies. In order to confireptth a s e s epar ati on
a resultof poor film deposition on ZnO, neat polymer solutio8S ing/mL chloroform)
were blade coated using the sablade coaparameters on ZnO coated substrates. As
Figure 40 shows, the films are relatively smooth for each polymer, leading to the
conclusion tht the phase separation was a result of immiscibility of the polymers with

PCBM.
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P1/PCBM P2/PCBM P3/PCBM

109.6 nm 51.2 nm 66.9 nm
Height Sensor 5.0 pm Height Sensor 5.0 pm Height Sensor 5.0 pm
52.5 12.0 37.0°
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Figure 39. AFM images otheight (top) and phase (bottosyrface profiledor 1:1 ratios
of P1, P2, andP3with PCBM in chloroform (35 mg/mL) on ZnO coated glass substrates.
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Figure 40. AFM images of height (top) and phase (bott@orfaceprofiles of reat polymer
films (coated from 35 mg/mL chloroform solutior@) ZnO coated substes.
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Figure 41. AFM images of height (top) and phase (bottom) surface profiles d?1/R22
(left column) andP3/P2 (right column) films (coated from 35 mg/mL chloroform
solutions)on ZnO coated substrates.

2.2.6 Exciton Dynamics

Based on the optical excitation spectraFigure 26, all three polymers are
dominated by Hike aggregation, meaning they align stofeside. This suggests that there
should be more interchain charge transfied heavy reliancen polaron formatiorover
excitons To probe the ability of each polymer to form polarons and excitoassient
absorption(TA) experimentsvere conductedn neat films of th@olymers Theexcitation
wavelengthwas chosen a£ma™ of the steady stat absorption spectrum of the neat
material (Figure 26). The TA spectraKigure 42) are broken down into three distinct
sections: yellow, blue, and red. The yellow and blue regions represent photoinduced

absorption. The red region shows the ground stagéebldat is consistent with the steady
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state absorption spectra. The yellow region showsthd®2, andP3 each have the same
photoinduced absorption. The blue region of the spectra centered around 1.4 eV is distinct

for each of the polymer®.3has themost intensity, second fl, while P2 has no intensity

in this region.
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~0.50 1 T S
11 12 13 14 15 16 17 gl Dree o
Photon Energy (eV) o S
p3 coifs)

Figure 42. TA spectrum of the neat materials

P1, P2, andP3 each have the same photoinduced absorption in the yellow region
which is most likely due to the common DPP and BDT moieties in the polymer backbone.
The blue region of the spectra centered around 1.4 eV however, is distinct for each of the
polymers.P3 has the most intensity, witR1 showing slightly less, and2 demonstrating
no intensity. The presence of the two photoinduced absorption regions may indicate that
due to the individual monomer moieties, each polymer has the ability to populate higher

lying excited states and potentially create polarons or charge separated states to some

4TA spectrum taken and analyzed by Dr. Sarah Marques.
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extent. The blue region indicatthatP3 andP1 have a higher potential for forming these
states thaf2.

Combined with the bandgap energy calculation from the steady dt&tas,
electrochemical bandgap calculation and UPS, a cohesive electronic picture can be built
around the influence of the thiazole and thiophene on the electronic strirtanelP3
have the lowest optical band gap which allows stabilization of thegebahence the
second photoinduced absorption peak that has aliedjcomponent. On the other hand,

P2 is not able to stabilize these londmed components. This would suggest by adding

the thiazole, more electron density is introduced into the baekbtbilizing the excited
states upon excitation, a characteristic not found in the case of the thiophene counterpart,
P2 ComparingP1 and P3 though, besides energetic stabilization from the thiazole
incorporationP3 seems to energetically stabilize ra@xcited states due to the thiol alkyl
group, possibly creating a more favorable conformation that allows for further stabilization
of excited states.

2.3 Conclusion

A family of semiconducting polymerpDPPTzOThBDT, pDPPTh-OSThBDT,
andpDPPTzOSThBDT (P1, P2, P3), were designed and prepared using Stille coupling
of the substitutedPPandBDT moieties. The doneacceptor polymers were devised to
compare the effectiveness of thiazéilnked DPP and thioalkyl thiophene side chains in
stablizing energy levels, enhancing charge transport characteristics, and ascertaining if the
substituents have a symbiotic relationship. The thiazole containing polyPieR3f show
strong ambient stability with significantly lower EAs of 3.93 and 4£b3elative to the

3.66eV EA of the thiophene analo§2). Given the sole difference betwekt & P3is
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the addition of octylthiol side chains B8, it is concluded thahiazole DPP plays a much
stronger role in stabilizing electronic energy levels thanthioalkyl side chains, but they

can work harmoniouslyTA experiments offer a potential explanation for why solar
devices were pooP3 has the highest photoinduced absorption of the three materials but
due to its lomlying EA and stronger electron maibyl, would likely function better as an
acceptor material rather than a doriRiz fails to demonstrate arpolaron formation in the
1.4-1.6 eV photon rangewhich would help explain why the glblymer devices also
failed. Finally, asP1 also predominatelyransports electrons ardemonstrates polaron
formation it is suspected that efficiencies would increasentitealso used as an acceptor
material, though it would likely result in slightly less efficient devices tRanin the
future, @mmon donor raterials should be chosen witlanalogousbackbonesto be
combined withthe thiazole polymersn OPVs, as the similarities may result in superior
blending. While the goal of stabilizing electronic energy levels by the utilization of thiazole
flanked DPP and thioalkyl side chains was realized, it did not result in superior charge
carrier mobility, thus elucidating the perplexity of chemical design as it pertaitevice
performancelt would be interesting to use GIWAXS analysis on the set of polymers to
determine the relative microscatgystallinity andcompare it against the data presented.
Moving forward, it could prove beneficial to psereen solar active rnreials using TA,

both in the neat and blended forms, to determine the efficiency of polaron and exciton

formation.
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2.5 Experimental
2.5.1 Materials and Methods

Chloroform, dichloromethane, tetrahydrofuran (THF), dimethyl formamide
(DMF), and toluene werpurchased as anhydreggde solvents from Sigrldrich.

THF was distilled from sodium benzophenone in a solvent purification system (SPS).
Starting materials were purchased from commercial suppliers and used without further
purification. Sodium thiosulte, 2thiophenecarbonitrile, benzo[}24,5b 6 ] di t hi op h e
4,8-dione (BDT), nbutyl lithium, trimethyltin chloride (1.04 THF), 2-octyl-1-dodecanol,

liquid bromine, sodium hydride, potassium 4tedtoxide, 2thiophenthiol, iron(lll)

chloride, tris(dibenzydeneacetoneflipalladium (0) (Pgldba)), and copper(l) iodide

were purchased from Sigrsddrich. 2-cyanothiazole, -bromooctane, diethyl succinate,

tin(I) chloride dihydrate, and-B-octylthiophene were purchased from Fischer Scientific.
Triphenylphospine, tamyl alcohol, and potassium carbonate were purchased from Alfa

Aesar. Noctadecyltrichlorosilane was bought from Gelest Inc.

H NMR spectra were recorded using a Varian Mercury V, 400 MHz nuclear
magnetic resonance spectrometer. Solid st&2eNMR spectra were recorded using a
Bruker AVIIl, 300 MHz nuclear magnetic resonance spectromelemental analysis was
conducted by Atlantic Microlab, In@.hermal analysis was conducted on a PeBtmer
Pyris1 thermogravimetric analyzer (TGA) in a nitragatmosphere (281L/min) with a
heating rate of 10C/min. Thermal transitions were measured with a TA Q200 Differential
Scanning Calorimeter (DSC) in a nitrogen atmosphere (50mL/min) with a heating/cooling

rate of 10°C/min.
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UV-vis absorption spectra werrecorded on an Agilent 8453 W¥isible
Spectrophotometer. Polymer films were preparedblagle coating on a heated stagé (
°C at 25 mm/s) polymer solutions in chloroform ®g/ml) onto pristine Si®glass
substrates and OTE3 pretreated glass coveraabstrates. The details can be found in the
foll owing section A2.2.2 Methodso.

Cyclic voltammetry (CV) spectra were performed using a tkteetrode cell with
a Princeton Applied Research 273 potentiostat/galvanostat under CorrWare control. The
electrolyte was 0.5 M tetrabutylammonium hexafluorophosphate (TBAREros
Organics, 8% recrystallized from hot ethanol) dissolved in propylene carbonate. A glass
carbon electrode with dregast polymer film (1 mg/mL solution in chloroform) was used
as tle working electrode. A glassy carbon rod served as the counter electrode, and an
Ag/Ag* electrode (10 mM AgN®and 0.5 M TBAPE in acetonitrile, 0.8 V vs Fc/F¢)
was used as the reference. Nitrogen was bubbled through the cell for 10 minutes to perform
the experiments in an inert atmosphere with scan rates of 50 mV/s.

Ultraviolet Photoemission Spectra (UPS) were measured on a Kratos Axis Ultra
DLD XPS/UPS system with a Helamp radiation at 21.2eV. All samples were in
electronic equilibrium with the speotneter and were run at a base pressure &fTbor.
The Fermi level was calibrated using atomically clean silver. Experiments were run at a 5
eV pass energy and 0.05 eV step size with the aperture and iris sento Bide secondary
electron edge (SEENd emission close to the Fermi level of the UPS curves were used to
calculate the work function and subsequent IP for each polymer using the following
equations:

% ® O
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Wherehy, Ecutor, andUF represent the incident photon energy (HE I, 21.22 eV), the
high binding energy cutoff, and the lowest binding energy point.

Bottom contact bottom gate OFETs were fabricated ardoped silicon wafers
<100>. The silicon served as the gate electrode wh#@0nm thick Si@layer served as
the gate dielectric. Source and drain contacts were made using 3nm Cr as an adhesive layer
and 50nm Au. These were made with a photolithographgflifiechnique to ensure fixed
channel di mensi ons @ The SubBstrates weredanicaleg in &etone | o n
for 30 minutes, and then rinsed with acetone, methanol, and IPA in that order, and dried
using an air gun. After 30 minutes in the UV/ozone, the substrates would soak overnight
in a legL/ mL -48&ird ahydroosrnoluené. Paym& solutions of 10mg/mL in
chloroform were then blade coated &tm@m/s using a heated stage (40 °C) under ambient
conditions.

All OFET measurements were conducted using a probe station in a nitrogen filled
glovebox and an Agilent 46C semiconductor parameterccording to previous
methods$®. Mobility values were calculated from the following equation and the saturated
regimein the transfer plots of &vs Isp by extracting the slope of the lineange of the
Ve vs Ispt? plot:

x
|

8'| o)

O=
o€
H

In this equation,dp is the source drain current (A)sVis the source drain voltage
(V), Vg is the gate voltage (V) scanning fro80 to 80 V in the transfer plot,.Cis the

capacitance per unit area of the gate dielectric layer, W is the channel width, L is the
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channel | @ 15 ghe lelectron fiedkbffeet mobility in the saturated regem
(cm?/V:s). The hole fielee f f e c t m vds icdlculated ,in the same manner. The
threshold voltage, ¥, was calculated by extrapolating ¥ Vg at Isp = 0 in the \& vs

Y2 curve. Averages were based off a minimum of 6 devices (6 channels j)dew

Isp
each polymer.

Solar cells were fabricated using an inverted structure of
glass/ITO/ZnO/polymer:P&Z2BM/MoO3/Ag. Glass substrates with patterned ITO were
cleaned by sonication with sodium dodecyl sulfate in water, water, and IPA before being
subjeced to U\Vtozone for 10 minutes. A solution of 0.11M ZnO im2thoxyethanol was
spin coated onto the surface for 30 seconds at 4000rpm (approximately 30nm) and
immediately heated at 150°C for 10 minutes. After the substrates cooled, the 1:1
polymerPC;1BM solutions (35mg/mL in chloroform) were blade coated at 25mm/s with
the stage heated to 45°C in ambient conditions. The substrates were transferred into an
argon filled glovebox to have 15nm Me@nd 160nm Au electrodes deposited by vacuum
deposition with @M49cnt active pixels. The devices were tested in a nitrogen filled
glovebox with an AM 1.5G illumination at 100mW/émenerated using a Newport Oriel
69907 power supply connected to a 150 W xenon arc lamp with collimating lenses in a
Newport Oriel 94021A immulator lamp housing. A 2410 Keithley SourceMeter® SMU
Instrument was used to tesVJcurves with a current sweep frorh to 1 V. The known
active area was used to convert the curve to current density. By plotting this against the

voltage curve, thesd, Voc, FF and PCE could be calculated. Averages were based off 8

devices of each polymer blend.
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2.5.2 Synthetic Details

CgHq7
CoHyy o 1. n-BuLi %S
) THF, 0°C, 90min
s
s 4 —_— - 4
— g / Y,
2. SnCl, 2H,0 in 10% HCI s
o]
r.t. 12hr s
CgHi7

A, 45%
4,8-bis(5-octylthiophen-2-yl)benzo[1,2b:4,5-b Jdithiophene (A): To a nitrogen

filled round bottom flask?-octylthiophene (2.67g, 1@nmol) was dissolved in 60mL THF

and cooled in an ice bath. 2.5MBuLi (5.45mL, 13.6mmol) was added dropwise and

stirred for 90 minutes. The reaction was then heated to 50°C and stirred 90 minutes, then

brought back to room temerature. Benzo[1;B:4,5b Jdithiophene4,8-dione (1.00g,

4.54mmol) dissolved in THF was added to the reaction flask and stirred at 50°C for 90

minutes, then cooled back to room temperature. S88}0 (6.05g, 2@Bmmol) was

dissolved in 10% HCI (14mL) aratided slowly to the reaction to be stirred overnight. The

reaction mixture was poured on water & extracted in chloroform. The product was dried

using MgSQ, filtered and then condensed under reduced pressure. Finally, it was purified

using silica gel colomn chromatography with 1:9 chloroform to hexane as the eluent, to

yield A as a yellow solid(1.18g, 4593 NMR (400MHz, Chlorofornd) 0 7.65 (d,J =

5.7 Hz, 1H), 7.45 (d) = 5.7 Hz, 1H), 7.29 (d] = 3.5 Hz, 1H), 6.91 (d] = 3.5 Hz, 1H),

2.93 (t,J = 7.7 Hz, 2H), 1.78 (m, 2H), 1.47 (m, 10H), 0.91)(t= 7.0 Hz, 3H) Spectral

data matches previously reported literature vatires.
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1. n-BulLi
THF, 0°C, 90min
————® Me3Sn
2. SnMe;Cl
r.t. 12hr

M1, 15%

(4,8-bis(5-octylthiophen-2-yl)benzo[1,2b:4,5-b dithiophene-2,6-
diyl)bis(trimethylstannane) (M1): A (0.50g, 0.86mmol) was dissolved in 500mL dry
THF under nitrogen and stirred in @&®e bath for 30 minutes. 2.5M-BuLi (0.92mL,
2.3mmol) was added dropwise over 25 minutes and the reaction was stirred 90 minutes at
0°C. The reaction was then brought to room temperature and stirred an additional 90
minutes. Trimethyl tin chloride (3.16mB.16mmol) was added and stirred overnight. The
reaction was poured over water, extracted in chloroform and washed with water. Mixture
was dried using MgS§) filtered and condensed under reduced pressure. Product was
recrystallized from an IPAHF mixture to yield a yellow solioVil (115mg, 15%)1H
NMR (400MHz, Chloroforrad) i 7.69 (s, 1H), 7.32 (d] = 3.5 Hz, 1H), 6.93 (d] = 3.5
Hz, 1H), 2.95 (tJ = 7.7 Hz, 2H), 1.82 (m, 2H), 1.47 (m, 10H), 0.92)(t= 6.9 Hz, 3H),

0.47 (s, 9H)Spectral data nehes previously reported literature valdé&s.

OH PPhs, Br, B
CioH21™  "CgHyz DCM, r.t. 12hr CioHz™  "CoHyz
B, 98%

9-(bromomethyl)nonadecane (B):Triphenyl phosphine (15.6g, 59.5mmol) was
dissolved in 30mL anhydrous DCM under nitrogen. The reaction was cooled to 0°C and

Br> (2.58mL, 504mmol) was added dropwise. In a separate RB&¢t#l-1-dodecanol
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(20.0mL, 56.1mmol) was dissolved in 20mL anhydrous DCM under nitrogen. Alcohol
mixture was dropwise added to initial RBF while at 0°C, then brought to room temperature
and stirred overnightThe solvent was removed under reduced pressure and then the
product was extracted in hexane and filtered. The solvent was again removed and then solid
was purified using silica gel column chromatography with hexane as the eluent. The
product is a colorlessil, B (20.3g, quantitative)*H NMR (400MHz, Chlorofornad) ti 3.45
(d,J=4.7 Hz, 2H), 1.59 (m, 1H), 1.27 (m, 32H), 0.88J(t 6.9 Hz, 6H) Spectral data

matches previously reported literature valt/dst’*

1. Na

H o
. t-amyl alcohol [S N
— Y/
[)TN N \ AN S
N o &
2. N N
E'OJKAH,OEt o” N

(o]
C, 78%

3,6-di(thiazol-2-yl)-2,5-dihydropyrrolo[3,4 -c]pyrrole -1,4-dione (C): Sodium
(0.51g, 22mmol) was cut under hexane and added-weakRRBF with condenser and stir
bar under nitrogen. 19.6mtaimyl alcohol was added and stirred at 110°C overnight until
sodium was fully dissolved. In a separate RBE{ldil succinate (1.04mL, @08 mol) and
2-cyanothiazole (Dg, 9.1mmol) were dissolved in ®L t-amyl alcohol and degassed
with nitrogen. The mixture was added to the sodium RBF slowly and refluxed at 120°C for
3 hours. Upon cooling to room temperatuige reaction was slowly precipitated in a
mixture of 100mL glacial acetic acid, 245mL DI water and 122mL MeOH. Product was
filtered using vacuum filtration and then washed with DI water and MeOH until solution

ran clear. Product is a deep purple said,1.07g, 78%)Anal. Calcd. for GHsN4O>S,
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(%); C, 47.67; H, 2.00; N, 18.53; S, 21.21. Found (%): C, 46.61; H, 2.00; N, 17.06; S,

19.76.Spectral data matches previously reported literature valGes.

B, 98%

CgHyy
CBH” CqoH24
C1DH21
E NaH, Br [s N_°
’ A
] V<
DMF, reflux, 1hr N N

C, 78%
CioH21

D, 53%

2,5-bis(2-octyldodecyl)3,6-di(thiazol-2-yl)-2,5-dihydropyrrolo[3,4 -c]pyrrole -
1,4dione (D): A 2-neck RBF with stir bar and connected to a condenser was degassed
with nitrogen. 30mL anhydrous DMF was added and purged with nitrogen for 10 minutes.
C (1.0g, 3.3mmol) and 60% oil suspension sodium hydride (0.34g, 8.4mmol) was added
to the RBF and ré&ixed for 2 hours. The flask was cooled to room temperaBu(2,4q,
6.6mmol) was added dropwise, and the mixture was refluxed an hour. The reaction was
cooled again and another portion®{2.4g, 6.6mmol) was added and then refluxed for
another hour. Téa mixture was cooled to room temperature, filtered and washed with
chloroform. The mixture was dried under reduced pressudisselved in chloroform and
washed with water 3 times. Mg@@as used to dry the mixture, then filtered and the
solvent was remaed under reduced pressure. Silica gel column chromatography was run
with a 6:4 hexane to DCM eluent. The product is a magenta &plidl,51g, 53%)1H
NMR (400MHz, Chloroforrad) ¢ 8.05 (d,J = 3.1 Hz, 1H), 7.70 (d] = 3.1 Hz, 1H), 4.35

(d,J=7.4 Hz, 2H), 1.86 (m, 1H), 1.34.14 (m, 32H), 0.86 (g} = 6.9 Hz, 3H)13C NMR

(400MHz, Chloroformd) a (ppm): 161. 2, 155. 3, 144. 2,
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31.9, 31.4, 30.0, 29.7, 29.6, 29.4, 29.3, 26.3,,2P471 ESI calculated: 863.63F-ound:

863.63.
CgHq7 c8H17
C1oH21 C1oH21
s N_© Br S N_©
[/ sz \[ / S
N \ A S] —_— N N\ ,Nl
o N N CHClj, reflux, 2hr o7 N sTNg
Cs“ﬂ\e Ca”ﬁ\e
C1oHa4 CioH21
D, 53% M2, 60%

3,6-bis(5-bromothiazol-2-yl)-2,5-bis(2-octyldodecyl}2,5-dihydropyrrolo[3,4 -
c]pyrrole -1,4-dione (M2): To a nitrogen filled zneck RBF with condenser and stir bar
was addedD (0.50g, 0.8Bmmol), sodium borate (0.549,3mmol) in 12mL chloroform.
In a separate RBF, Bf0.31mL, 58mmol) was mixed with 12mL chloroform. The bromine
solution was dropwise added to the initial RBF while at 0°C, and then refluxed for 12
hours. Sodium thiosulfate (2.75g, 4nmol) wasdissolved in 11mL water and that
mixture was added to the reaction once it cooled to room temperature. The reaction was
stirred for 30 minutes and then washed with brine. The organic layer was dried using
MgSQs, filtered, and condensed under reduced pressiSilica gel column
chromatography was ran using 7:3 hexane to chloroform. The product was precipitated in
cold MeOH to yield a purpleed solid, M2 (354mg, 60%).'H NMR (400MHz,
Chloroformd) U 7.91 (s, 1H), 4.26 (dl = 7.4Hz, 2H), 1.85 (m, 1H), 1.3%14 (m, 32H),
0.86 (q,J = 6.9 Hz,3H). 2*C NMR (400MHz, Chloroforr) & ( ppm) : 160. 9,
136.9, 115.8,110.7,47.0, 37.9, 31.9, 31.4, 30.0, 29.7, 29.6, 29.4, 26.4, 22 ES1vhdss

calculated: 1019.45. Found: 1019.45.
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CgHy7
s el t-BuOK, DCM g
MSH R A b N

0°C, 2hr
E, 99%

2-(octylthio)thiophene (E): To a nitrogen filled zneck RBF with condenser and
stir bar was added tebutoxide (0.72g, @mmol) in 5mL ethanol. In a separate RBF, 2
thiophenethiol (0.50g, 4.3mmol) was mixed with 2mL DCM. The DCM mixture was added
dropwise to the initial RBFRand stirred for 30 minutes in an ice bathbrbmooctane
(0.74mL, 4.3mmol) was added to the RBF and refluxed for 2 hours. The mixture was
washed with water 3 times and extracted in DCM. Mg®@s used to dry the mixture,
which was then filtered and condedsdown under reduced pressure. A silica gel column
chromatography was run using 9:1 hexane to DCM to yield a colorless (0,989,
quantitative)’H NMR (400MHz, Chloroforrad) 11 7.31 (ddJ = 1.3, 5.4 Hz, 1H), 7.09 (dd,
J=1.3, 3.5 Hz, 1H), 6.9@d,J = 3.5, 5.4 Hz, 1H), 2.79 (§,= 7.3 Hz, 2H), 1.59 (m, 2H),

1.30 (m, 10H), 0.87 (m, 3H$Bpectral data matches previously reported literature vafties.

CgHi7

s-CaHiz 1. n-Buli,
b THF -78°C, 4hr
2 SnCIleQOIHCI

E, 99% r.t. 1hr

F, 59%

4,8-bis(5-(octylthio)thiophen-2-yl)benzo[1,2b:4,5-b J@ithiophene (F): To a
nitrogen filled 2neck RBF with stir bar was add&d(0.50g, 22mmol) and 10mL THF.
While in an ice bath, 2.5M-BuLi (0.96mL, 2.4mmol) was added dropwise. The

temperature was raised to 50°C and stirred for 20 minutes. In a sep@FgtbdrRzo[1,2
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b:4,5b Jaithiophene4,8-dione (0.16g, 0.73mmol) was dissolved in 10mL THF and purged
with nitrogen. The mixture was added to the initial RBF and stirred at room temperature
for 2 hours. In a third RBF was mixed tin dichloride dihydrate (,.5511mmol), 1.56mL

HCl and 0.52mL water. The initial RBF was cooled to 0°C and the tin solution was slowly
added. The reaction was stirred at room temperature for 6 hours. The product was extracted
in hexane and washed with water. MgS&as used to dry the product, which was then
filtered and condensed under reduced pressure. Silica gel column chromatography was run
using hexane as the eluent to yield a light yellow sBli@,28g, 59%)*H NMR (400MHz,
Chloroformid) 11 7.627.61 (d,J = 3.7 Hz, 1H), 7.48 (d) = 3.7 Hz, 1H), 7.33 (d] = 3.6

Hz, 1H), 7.22 (dJ = 3.6 Hz, 1H), 2.93 (t) = 7.4 Hz, 2H), 1.71 (p] = 7.4 Hz, 2H), 1.54

1.28 (m, 10H), 0.9@.86 (t,J = 6.9 Hz, 3H) Spectral data matches previously reported

literature values’®

1. n-BuLi,
THF, -78°C, 30min
—»  Me;Sn

2. SnMe;CI
r.t. 12hr

CgHy7-S

F, 59% M3, 23%
4,8-bis(5-(octylthio)thiophen-2-yl)benzo[1,2-b:4,5-b Jdithiophene-2,6-
diyl)bis(trimethylstanne) (M3): To a nitrogen filled zZneck RBF with condenser and stir
bar was adde# (0.20g, 0.31mmol) dissolved in 40mL dry THF. The reaction vessel was
cooled to-78°C and 2.5M fBuLi in hexanes (0@2nL, 0.6mmol) was added dropwise

and stirred for 30 minutes. The temperature was brought to 0°C for 30 minutes, and then
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lowered back down ter8°C for another 30 minutes. 1M trimethyl tin chloride (0.90mL,
0.90mmol) was added and stirred for 20 minutes. €hetion was brought to room
temperature and quenched with water. The mixture was extracted in hexane, dried using
MgSQ;, filtered and condensed under reduced pressure. The product was recrystallized
from a 1:1 IPA/ethanol mix to yield a yellow soli3 (69mg, 23%)*H NMR

(400MHz, Chloroformd) 11 7.66 (s, 1H), 7.36 (dl = 3.6 Hz, 1H), 7.24 (d] = 3.6 Hz,

1H), 2.93 (tJ = 7.4 Hz, 2H), 1.77.70 (p,J = 7.3 Hz, 2H), 1.49..42 (m, 2H), 1.32.28

(m, 8H), 0.890.86 (t,J = 6.1 Hz, 3H), 0.48.34 (t,J = 27.5 Hz,9H). Spectral data

matches previously reported literature valtfé@s.

1. Na, FeCls N R o
5 t-amyl alcohol S \
MCN > YW s
2. isopropyl succinate (o]

N
reflux, 2hr H

G, 1%

3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4 -c]pyrrole -1,4-dione (G): Sodium
(0.83mg, 36mmol), a small amount of Fg@ind 66mL 4amyl alcohol were added to a dry
2-neck RBF under nitrogen and refluxed overnight at 110°C. Cyanothiophene (3.0mL,
32mmol) was added while still refluxing. Diisopropylsuccinate (2.2mL, 11mmol) was
added to the mixture over 10 hours. The reactvas further refluxed for 12 hours. Upon
cooling to room temperature, 35% HCI in methanol (0.6mL) was added to the mixture and
stored overnight in the fridge. Precipitate was filtered and washed with methanol and water
to yield a red solidG (2.34g, 71%. 'H NMR (400MHz, DMSQdg) i 8 . 1X=38,d d ,

1.2 Hz, 1H), 7.94 (dd] = 1.1, 5.0 Hz, 1H), 7.28 (dd= 3.8, 5.0 Hz, 1H)Anal. Calcd. for
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C14HgN202S; (%); C, 55.99; H, 2.68; N, 9.33; S, 21.35. Found (%): C, 55.89; H, 2.59; N,

9.20; S, 21.46.

B, 98%

CgHy7

C1oH21
Br
4>_
K,CO;
DMF, reflux, 24hr

CgHiz
o,
G, 71% CioHz4

H, 32%

2,5-bis(2-octyldodecyl)3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4 -
c]pyrrole -1,4-dione (H): Potassium carbonate (Dgi 100mmol), G (1.00g, 3.33mmol),
andB (3.37g, 9.32mmol) were dissolved in 50mL anhydrous DMF in a dargck RBF
under nitrogen. The reactiovas refluxed 24 hours and then cooled to room temperature.
Product was extracted in chloroform and washed with water and brine. The product was
then dried using MgS£filtered and concentrated under reduced pressure. A silica gel
column chromatography was run using a 3:2 hexane/DCM mix. Finally, the product was
recrystallized in IPA to yield a red solid, (0.92g, 32%)H NMR (400MHz,
Chloroformd) i 8 . 8J# 11, 8.91Hz, 1H), 7.62 (dd,= 1.1, 5.0 Hz, 1H), 7.26 (dd,
3.9, 5.0 Hz, 1H), 4.03 (m, 2H), 1.90 (m, 1H), 1.24 (m, 32H), 0.8b<6.8 Hz, 6H).
Spectral data matches previously reported literature vaiGes.

CgHy7 CgHq7

= CioH21 = N(kcme

N_o o
s { Br; Br s \

Vs CHCly, r.t. 12hr NS B

S i ? 07N
Can\H CBHWY

CyoHa4 CioHa2s

H, 32% M4, 56%
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3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-octyldodecyl)-2,5
dihydropyrrolo[3,4 -c]pyrrole -1,4-dione (M4): H (2.00g, 2.32mmol) dissolved in 15mL
chloroform was added to an RBF under nitrogen and wrapped completely in foil. In a
separate RBF, bromine (0.25mLB8dmol) was dissolved in 5mL chloroform and ithe
added dropwise into the initial RBF. The solution was stirred overnight at room
temperature and then poured in 20mL saturated sodium sulfite solution. The product was
extracted in chloroform and washed with water. The product was dried, filtered, and
corcentrated under reduced pressure. A silica gel column chromatography was run using
3:7 DCM/hexane. Finally, the product was precipitated in cold methanol to yield a purple
solid, M4 (1.33g, 56%)H NMR (400MHz, Chloroforrd) i 8 . & 2 4.3 HE,, 1H),
7.21 (d,J = 4.2 Hz, 1H), 3.92 (d] = 7.7 Hz, 2H), 1.87 (m, 1H), 1.24 (m, 32H), 0.86](t,

= 5.1 Hz, 6H. Spectral data matches previously reported literature val(ies.

CgHy7

S CyoH
g N | 107921
s Br/[}\ N_o Pdj(dba)s, PPhs, Cul
MeySn— | —SnMe; 8 \
TN + \ s >
07Ny ¢ ]Br Toluene/DMF
sy N microwave 160°C, 2hr
- CgHy7
CsHyr CioH2
M1, 15% M2, 60%

pDPPTzOThBDT (P1): M1 (905mg, 0.00mmol), M2 (102mg, 0.00mmol),
tris(dibenzylideneacetone)dipalladium  (2.73mg, 0.003mmol), triphenylphosphine
(3.16mg, 0.012mmol), and a pinch of copper iodide were dissolved in anhydrous toluene
(2mL) and anhydrous DMF (0.2mL) in an oven dried 5mL microwave vial under nitrogen.
The vial was placed in a microwave reactor for 2 hours at 160°C at 250W power while

stirring. The reaction changes from pink to dark green after polymerization. The polymer
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was precipitated in methanol and purified in a cellulose Soxhlet thimble. The Soxhlet was
run using methanol (24hr), acetone (24hr), ethyl acetate (12hr), hezdhe) and
chloroform (12hr) in that order. The chloroform wash was concentrated and precipitated in
methanol to yield 128mg of a dark green solid (87% yiéld)= 18.4 kg/mol, =3.1.2°C

NMR (75 MHz, r1659,el$0.6,i1606plp7Hd) 154.8, 146.4, 140.6, 137.7,
137.50 132.9, 129.0, 124.1, 124.1, 124.1, 111.5, 48.5, 33.8 33.1, 32.7, 32.5, 30.8, 30.4,
30.4, 23.8, 23.7, 23.6, 23.3, 14.9, 14.9, 14.8, hél. Calcd. for GgH130N40-Ss (%); C,

71.98 H,8.92 N, 3.82 S,13.10 Found (%)C, 72.10; H, 8.66; N, 3.7(5, 13.37.

CgHy7 CgHyz
-]

__< KKCWHH
%8 Br /5\ \N o Pd,(dba)s, PPhs, Cul
7 s \ >
Me;Sn 4 —SnMey + oy S._Br Toluene/DMF
\_/ microwave 160°C, 2hr
CgHqz
s
= CyoHz
CgHiz-8
M3, 23% M4, 56%

pDPPTh-OSThBDT (P2): Prepared using the same proceduréPaswith the
exceptionthat the product came out in the hexane waghefSSoxhletThe hexane wash
was concentrated and precipitated in methanol to Yémag of a dark green solid®%
yield).Mn=17.2kg/mol, =3.3.C NMR (75 MHz, 1653 1689, 16{i.3, ( p p m)
161.2, 160.9, 156.5, 147.9, 147.5, 147.1, 140.2,31387.9, 137.6, 134.0 129.6, 112.3,

40.7, 37.2, 34.6, 32.7, 30.3, 30.2, 23.3, 23.2, 15.5, 14.5, 14.5, 1.2n&all1 Calcd. for
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CooH13N20:Ss (%); C, 70.63; H, 8.69; N, 1.83; S, 16.76. Found (@)44.20; H, 7.94: N,

0.77; S, 5.38.

CgHqz

Br“(';"f Nﬁkcw"‘ﬂ
S 1 o
CiHr W

cﬂ]H!!

Pd,(dba)s, PPhs, Cul
}
Toluene/DMF
microwave 160°C, 2hr

M2, 60%

P3, 60%

pDPPTzOSThBDT (P3): Prepared in the same proceduré@asThe chloroform
wash was concentrated and precipitated in methanol to yield 92mg of a dark green solid
(60% vyield).Mn=11.9 kg/mol, =3.6.3C NMR (75 MHz, 160.m166.0, G ( p
155.4, 155.2147.07, 144.8, 142.8, 142.1, 141.5, 140.5, 138.7, 137.0, 137.0, 133.2, 128.2,
122.5, 120.6, 111.6, 46.4, 45.9, 43.3, 40.2, 38.0, 36.4, 35.64 32.9, 32.8, 30.1, 30.0, 30.0,
23.4, 23.3, 23.3, 14.8, 14.Bnal. Calcd. for @gH130N40-Ss (%); C, 68.97; H, 8.55N,

3.66; S, 16.74. Found (%}, 68.51; H, 8.30; N, 3.42; S, 15.92.
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Figure 43. 13C NMR (75 MHz) spectrum d?1.>

5 Solid state NMR collected by Caria Evans.
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Figure 44. 13C NMR (75 MHz) spectrum dp2.°

6 Solid state NMR collected by Caria Evans.
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Figure 45. 13C NMR (75 MHz) spectrum d?3.’

" Solid state NMR collected by Caria Evans.
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CHAPTER 3. SIDE CHAIN ENGINEERING FOR OECT PERFORMANCE OF N -

TYPE DPP POLYMERS

3.1 Introduction

The design ofsemiconductingactive materials for rganic electrochemical
transistos (OECTS) is a budding field of research. Thein challengein designing new
candidatess derivedfrom thenecessity of the active materitd induce both ionic and
electronic charge carrier mobilities from an aqueous electt8lyt&ypically, organic
electronicmaterialsare not useth conjunction withaqueous systems due to the ability of
water and oxygen to electrochemically degrade the material and generate chardge traps
has beershown however that the use of hydrophilic side chains can induce ion injection
from an aqueous electrolyte to generate electronic chakgesmmon exampleraploys
ethylene glycol side chains attached to a hydrophobic backddié ?>To dateresearch
has been dominated by the developmenttyfpe materials due to their higher stability in
ambient conditions relative to theittype counterparté® 178

Two major examples of -type polymers for OECT performance have been
demonstrated thus far: naphthaléiieide (NDI) based polymers with various hydrophilic
side chain¥” " and poly(benzobisimidazobenzophenanthroline) (BBL), a ladder
polymer with no side chaif®. Arguably the most importarroperty both polymers
demonstrate is electrochemical sli&pin aqueous environmentsmainly, their EAs were
lower than-4.0 eV.The NDI polymers demonstrated the importance of hydrophilic side

chains for ion uptake, by modifying thatio of hydrophilic to hydrophobic side chali$
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OECT performance waschievedafter over 50% of the side chains were hydrophilic,
whereas any degree less functioned better as an OREETBBL polymer mark the
importance ofncorporating materials withigh electronic trasport asthe highly planar
backbone in BBL enabled higher transconductance than the NDI derivafiths
Unfortunately, the on/off switching speed for the BBL polymers was relatively slow, likely
aresult of slow ion uptake from the lack of hydrophilic side chains.

In this chapter, a DRBased polymer is designed with a modifiable side chain for
potential OECT use. The thiazole flanked DPP moiety is copolymerizedveittdonor
unit bithiophene. Ttazole flanked DPP was chosen as the acceptor unit for ityylogy
EA and high electron mobility in OFET deviées Bithiophene was chosen as the donor
unit to raise théP of thehybridized frontier molecular orbitals of theaterial and serve as
a potential point of flexibility in the backbone for ion uptakiethyl ester end groups were
chosen for the side chairttie to their ease ofynthess and can be saponified and
hydrolyzed to yield a carboxylic acid, which has proven to be a viable side chain
modification for OECTE® 181 [ jkewise, the ester groups have the potential to form
hydrogen bonds, which could prove beneficial for ion uptake.

UV-vis was used to estimate the optical bandgap ewraduatethe materiads
preferred aggregate orientatio®@y.clic voltammetry was used to estimate EA andaiir]
subsequentlgenerag the electrochemical bandgap. OFET charge carrier mobilities were
measuredind the data wasoupledwith AFM to analyze morphological changes the
surface of the devicesFinally, preliminary optical data on the potassium salt and

subsequent carboxylic acid side chatladeto potential next steps.
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3.2 Results and Discussion
3.2.1 Polymer Design and Synthesis

The general procedure for synthesizing the monomers and subsequent polymer can
be found in Schemes3-5 (synthetic details and characterization can be found in
Experimental section). Stille coupling was used to copolymerize the target units under
microwave conditions (1h, 160 °C). Soxhlet extraction was used for purification to yield
the desireasterpolymer, pOMeDPPTzBTh. Side chairsaponificationinto a potassium
salt yieldedhepolymer, pK*DPPTz-BTh, which can disperse in wat@K *DPPTz-BTh
can be depositednto films and acidified to yield the final carboxylic acid side chain
polymer, pCOOH-DPPTz-BTh. Due to poor solubility, molecular weights could not be
determinedthroughheatedGPC MALDI -MS, or NMR for the polymes, which is not

uncommon in OECT materiafs.
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Scheme3. Schematic representation of the synthetic procedure for monomer synthesis and
subsequent polymerization to yiggdMeDPPTz-BTh 8

d:\v/\\c’)jo MeOH, H,SO,4 Ph,;P, NBS, NaHCO, fo)
reflux overnight 4 Mo cM 14 ©

98% 81%

(o]

H o Br% ~
[S N O 81% ?
/ —
i \ \ s 4>
S NaH, DMF S CHCl,
o H N reflux N/ reflux, 2hr
78%
34% i
\ \
o
03«: °

s s /1 N
| Pd,dbas, PPh. s
\[N/ s —Sn s A o 2dbag 3 \ S TN 5‘3\%
| I\ 87 St~ - N S

N Toluene/DMF N
microwave o
22% 69%
EP=) @ o
o o
\ \

Schemed. Schematic representation of the ppsetymerization potassium salide chain
modificationto yield pK*DPPTz-BTh.

8 Stannylated bithiophene acquired from Yadong Zhang.
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