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SUMMARY

The devel amugted polyrieric Semiconductors for use in organic field
effect transistors (OFETSs) has been the subject of intense research focus for its potential in
realizing lowcost, largearea, and flexible devices such as sensors, dis@agsradie
frequency identification tags. While significant progress has been made in high
performance fhannel (holeconducting) materials, that of theircmannel (electron
conducting) counterparts lags far behind. To enable the implementation of cwanfdey
organiesemiconductor (complimentary metatide semiconductotl)ke logic circuits, it
is imperative to improve the electron mobility and ambient stability of unipetdwannel
conjugated polymers to match that of that of theiyge counterpast while maintaining

processability.

The prevailing doneacceptor (BA) design motif has led to considerable advances in
polymer semiconductor performance as it allows for thetfiméng of frontier molecular
orbitals for efficient charge injection intelectrodes in addition to promoting strong
i nter modf ecsulaarki hg i nteractions that facil
design strategy has proven to be of limited use in developidlgannel conjugated
polymers because there are relatively feuilding blocks with sufficient electron
deficiency to achieve an electron affinity higher than +4 eV for facile electron injection
and operational stability of resultant polymers. To this ¢hid, thesis will discuss an
alternative strategy of develaoy allacceptor (AA) polymers to minimize intramolecular
charge transfer and preserve polymer-lging frontier molecular orbitals. In carefully

reviewing the literature, electremithdrawing building blocks were chosen for synthesis

XV



to be incorporatechio promising AA polymer structures in a combinatorial study. The
optoelectronic properties of the polymers were characterized through cyclic voltammetry,
UV-Vis and photoluminescence spectroscopy, and ultraviolet photoelectron spectroscopy.
The charge aaier transport properties were investigated using boetjate/bottorrcontact

OFET device architectures. The polymer semiconductors were eithercgied or blade

coated onto Si wafers with gold contacts and annealed at various temperatures. OFET
performance studies including transfer and output curves allowed for the calculation of
electron mobilities and demonstrated the unipolar (s@kdgtronconducting) behavior of

the A-A polymers. The polymer thifilm microstructures were investigated by 2D gnaz
incidence wideangle Xray scattering (2BGIWAXS) and atomic force microscopy

(AFM).
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CHAPTER 1. INTRODUCTION

1.1 Organic Electronics

Organic materials have long played passive yet cruciak lialehe electronics
industry as lithographic photoresists defining key circuitry patterning and as insulators and
dielectrics in the packaging of chipsHowever @nce the discovery of electrical
conductivity in doped polyacetylene in 197@tganicsemiconductor6OSCs)have been
the focus of intense research efforts in developing the next generatotivefelectronic
materialswith optoelectronic functionalities in devicedfering capabilities not readily
achievable with conventional materiat®@mbining the electroc advantages of traditional
inorganic semiconductors with the chemical and mechanical benefits of organic
compounds such as plastick marked contrast with their inorganic counterpa®SCs
are lighweight, mechanically flexiblecan be optically transparer@nd most significantly
are solutiorprocessable; making them amenable to lag@ and lowemperature
deposition techniques compatible with a varietyirgfxpensivesubstrategFigure 1-1).

While not destined to replace silictvased technologied)d potential for lowcost device
fabrication suggests that OSCs can be competitive with existing applications with
continuedinnovations inprocessing techniqueand capture otherwise inaccessible novel

applications*®



Figurel-1 Commercialized microelectronic deviced.Stbased microprocessor (Intel)
b) Inkjetprinted flexibleorganic thin film transistor (BASF) c) relb-roll printing of
organic electronic components (PolylC)

The rapid advancement of the field over the last two decades has led to the
development ohumerousapplications(Figure 1-2). Advances in organic light emitting
diodes (OLEDs) have led to commercialized applications inclutbidable display$
flexible solid-state lighting, and energyefficient color displays such as those seesniart
phone& and televisions with exceptional color puritYrganic photovoltaics and dye
sensitized solar cells are promising alternative enexgiynologies that not only have the
potential to reduce our dependence on fossil fuels but also enable small distributed energy

generation thatan deliver power to those without access to an electric grid.
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Figure1-2 Exampleapplications of organic electronics. Clockwise from top Isiteless
electrocardiogram anghotoplethysmograms on infaf@ohn Rogers, Northwestern
University);rollable display (LG)transparent OLED lighting tiles (Osram (Siemens));
printed organic solar cellnfinityPV).

The following will explore the fundamentals of polymeric semiconductors and the

organic field effettransistor devices they are incorporated into.

1.1.1 Conductivity and Charg€arrier Mobility

Electronic devices require materials with the ability to conduct an electrical current,
which is quantified by theonductivity( 1) of t he mat ereiaalassof Se mi c
materials having conductivities between that of metals and of insulators (e.g. glass). The
electrical conductivity of a semiconductor is proportional to the product of the charge
carrier concentration and timeobility( €¢ ) o f t h eeasewhichhisadefigesl asctheer r |
velocity of the charge carriers in a given material per unit of externally applied electric

field. Equationl1l shows the expression of conductivity in a semiconductor:



£ Q" (1)

Ol c-

Wherelis the current density (Ach), E is the magnitude of the electric field (Vem
b, nis the number density of charge carriers e is the unit of elementary charge (C),
ande is the charge mobility (cfv!st). The charge carrier mobility is one of the key
parameters used in assessimgelectrical performance of a semiconductor material within

a device.
1.1.2 Molecularand ElectronicStructure of Organic Semiconductors

Example molecular structures of some common organic semiconductor materials are
shown in Figurel-3. The " -conjugated backbones characteristic to theaterials impart
the ability to conduct charge carriers and interact with light, with the optoelectronic

properties dictated by their frontier molecular orbitals.

P3HT

CsH13 C4Hg C1oH21
CGH13 > (L
CgH
CHs 0O MEH PPV o W o
CeH13 CeHis \ N2200
n
F8BT
O (@] N o] n
*’M OO o
CgHi7 CgH N
g -N C1gHa1

Pentacene

Figure1-3 Molecular structures akpresetative commororganic semiconductors:
poly(3-hexylthiophene) (P3HT), poly(9@ioctylfluoreneco-benzothiadiazole) (F8BT),
poly[2-methoxy5-(2'-ethylhexyloxy}p-phenylene vinylene] (MEHPPV),pentacene,



poly{[N,N'-bis(2octyldocecylinapthalenel,4,5,8bis(dicarboximide)2,6-diyl] -alt-5 , -5 &
( 2 sbithidphene)} (N220Q)

The hybridization of theonjugated backbones creates a planengbty porbitals
perpendicular to the sigma bonding structure which servespathway for the charge
carriersto travel througl{Figurel-4). The sideby-side overlapping of atomic-grbitals is
known as” bonding( 6 c onj uwhch dreatesag | ecul ar | Nt eorrad ttiad ¢
orbitals come togehdaat i bo n &ty grbithloBodinghg ()
interactions where the parity of the interacting orbitals match (denoted by céliguire

1-4, yellow box) increase the electron density between two atomic nuclei, while

anti bonding interactions decrease the &ele
wavefunctions)As °~ or bit aésemgy thh ahke fantieomoledulara | s ,
orbitals (the highest energy orbitakown as the HOMO and the LUNO ar e °~ or bi

As the number of repeating conjugated units increases in a polymer ttleagrowing

numberof / ~ * or bi t adirsendogg &nd lose distirictois, eventually forming

a delocalized band structure similar to that seen in inorganic materials such as silicon
(Figure 1-4). Additionally, the enengof the HOMO increasesand that of theLUMO

decreases, bringing thessbitalscloser n ener gy and de Whenghei ng t |
band gap decreases to betweV - 0 eV, the materiais no longer an insulat@nd now

behaves as semiconductor.



A ethylene butadiene octatetraene polyacetylene
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= —H-
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Figure1-4 Evolution of frontier molecular orbital energy levels with increasing
conjugation lengtlin the polyene ges, leading taa band structuras the number of
repeat units approaches infinity.

The band gap energies typical of organic semiconductors happen to be in the visual
range of the spectrum, making this class of materials particularly coldhiellenergs of
the HOMO and LUMOo f a molecule can be O0tun-ed?©®
donating or-withdrawing moieties into the conjugated molecular systenpolymeric
donoracceptor (DA) systems consisting of alternating electrazh (donor) and eleodn
poor(acceptor) monomer unitey hybridization of the BA fragments leads to trdonor
contributing to the polymer HOMO and the acceptor contributing the polymer LUMO
(Figure1-5).1%12 Though simple, the BA molecular design strategy is powerful in that it
enables control of a crucial energy gap which determines the optical, redox, and electrical
transport properties of a material. This has allowed the development of materials with
targetedor operti es oOtailoredd to the specific

OLEDs and OPVsand the formation of ultrbow bandgap copolymers.



The tecmr opric couplingd describes the
orbitals of two adjacent molecular entities are split when they interact with each other
(Figure1-4).13 As this is essentially a function of the wavefunction overlap, it is influenced
by the intermolecular diance and the lateral displacement between the two entities (as the
phase difference between wavefunctions determines the bondidgdading patterns).

The extent of electronic coupling in organic semiconductorsritgcal to the charge
transport propeies of materials (as will be described below), including coupling between
adjacent entities within a polymer chain and between entities on separate chairnssé-or th
reasos, organic semiconductors are designed to maximize the planarity of the conjugated

structures and to decrease the torsional angles along the polymer chains.

LUMO LUMO Acceptor .
" 817
F——— ‘(\(/\N “..)‘J""'CmHm
> - !
o e .
[} —0
T .-—H—'.
w * | 0
HOMO o T \; Donor
.. ? | gH17 N~
_?.1_ HOMO CioH24 \S P
= /\/ Il
sy

Donor D-A Acceptor

Figure1-5 Orbital hybridization of DA systems (left), and example® polymer (right).

1.1.2.1 Characterization of Electronitructure

The preceding discussion described the electronic structure of organic
semiconductorsising qualitative molecular orbital (MO) thegrwhich has a theoretical
foundation in quantum mechanjcspecifically on the Schrédinger equation relating the

total energy of a molecule to a wavefunction describing the molecular configuration. Most



simply, an individual molecular orbital is a eekectron wavefunction associated with a
specific energy leveland as such, is not an experimental observabiE)e MO energies
and wavefunction distribution®f moleculesin various geometries and electronic states
can be calculated using variety of computational methotfiswith density functional
theory (DFT) functionals used most frequently in orgaeiectronics®'’ These
computational toolhave proven invaluable to the elucidation edéctronic structure
property relationshipsand understanding the fundamental properties egrfended
conjugated materials. However, it is importantdalizethat such calculatioranly provide
useful information when the inhereatrors andimitations d the functionals used are
recognized®® and the validity of the results are criticathgsessetf>! Computational
results are ultimately approximations dedvfrom theoretical frameworkand do not
replace empirical evidence from experimdnitare indispensable as thalyjow for insight

into phenomena that cannot be probed experimentally.
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Figure1-6 Depicion of the experimentally @arvable energy levels in organic
semiconductorswith S denoting the electronic ground state anth® lowest excited
state Adapted from referenc@.

It is often claimed that the HOMO and LUMO adirectly measuredwith
experimental ionization potentials accordindt@ o p ma n 6 s whichhstates tlethe,
first verticalionization potential (IP) of a molecule can be considered as the (minus) energy
of the HOMO, andikewise thefirst verticalelectron dfinity (EA) the (minus) energy of
the LUMO ( 6 v e rmiedniaganb éhange in geometry is assuniEjure 1-6).232* The
IP (also known as the ionization eneft)yis formally defined aghe energy required to
remove an electron from a gasemeasitralatom or moleculewhile the EA is the energy
required to remove an electron frormegative ion in the gaseous st&t@he IP and EA
are essentially the differences in energy between the néNveddctron state and the
respectiveN +1 electron ionized staté$In the molecular case, the difference between the
IPand EAisk nown as the oOf unda mewith tae bang gapk), whi c
betweenvalenceand conduction bands in polymers and other organic solids with more
delocalized band structurddltraviolet photoelectron spectroscofiyPS) is used tassess

theionizationenergies of valence electronghich involves measuring the kinetic energy



of electrons emitted from a sample irradiated wittnaviolet photons undeultra-high
vacuum(~10°torr) which isthenrelatedtoh e el ect r on 6 thesanpled i ng e n
29 As unoccupied states naturally have no electrons tq &fRi® cannot be used to obtain

the EA. Insteadnverse photoemission spectrosc@BES)is usedo measure the EA, in

which a collimated electron beam directed at a sample deposits electrons into high energy
unoccupied states which thesdiatively decay to the low energy unoccupied states, and

the energy of the photons emitted from the decay process are dététtéaitunately, the

limited availability of the guipment for IPES precludes widespread use of the technique,

and the EA must be estimated with othethod.

Linear @rrelations betweeionization energies anelectrochemical reduction and
oxidation potentials were found in earlier studies of organicongpoundsy3#
Electrochemicaproperties of polymers are investigated usirtgchnique known agy/clic
voltammetry (CV) in which forward and reverse linear potential scans are applied to a
working electrodevhich measures the current from a re@axive analyte in the systeih.

The polymer is drojgasted from solutionrdo the surface of the working electrode, which

is then submerged in@on-aqueoussolution of supporting electrolytés thesystem is
scanned to low potentialf)e working electrodes detects a cathodic current (charges flow
out of the electrode) as theedoxactive species (the polymer) is reduced below its
reduction potential. As the potential is swept up to higher potentials on the reverse scan,
the working electrode detects an anodic current (chargesirftovihe electrode) as the
polymer is oxidized above its oxidation potenti#f. The potential of the

ferrocenium/ferrocene (Ft=c) couple is used as an internal standard to reference the
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potentials innonaqueous systemsvhich isitself evaluatedagainst a common reference

electrode for standardizatigA3®

Numerous complications characteristic to the electrochemistry of semiconducting
polymers precludes the measurement of standard (formal) potentials of these Sys¢ems.
polymer analyte is confined tbe surface of the working electrods a solid filmrather
than as a solubilized freetiffusing species, resulting in ndwernstian electron transfer
kinetics. This leads to pedkoadening and scamate dependent peak poterdial
Additionally, the dedoping reaction is not simply the reverse of the doping reaction in
polymer semiconductor film@vhich was well explored by Visgt. al).*%4! The polymer
undergoes conformational reorganization as it is charged during the doping process, which
modifies the energy levels of the polymBenetration of the electrolyte into the polymer
film (o6swel | i ng 0 )nteracsonseitpeeetettrelyde, ionsaandl solvehte i
molecules with the doped/undoped segments of the polymer influences the observed redox
potentials. Therefore, the oxidation and reduction potentials of semiconducting polymers
are evaluated using thensetpatentials observed in the first potential sweephere
presumablythe injection of charges into thOMO/LUMO of the neutral polymer occurs

and isindicated by the rise ianodic or cathodic current.

To convert solutiorbased electrochemical potentials tasghase ionization
potentials, a correction factor must be used to account for both thestdidpolarization
energy and to relate the potential of a reference electrode to vacuunf?$tale.
Inconsistencies ithe use of internal standardgandardelectrodepotential scalesand
discrepancies ircorrelating electrode potentials to the Fermi scale make it difficult to

determine the precision of such conversion factet$Given these uncertainties, the onset
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potentials of a polymer, detailed electrochemical experimentaltaomg] and the specific
conversion factors useshould be reported to simplify the comparison of reported values

in the literature.

1.1.3 Charge Transport iOrganic Semiconductors

The rate of charge transfer is mainly determined by two key parameters; #iertran
integral and theeorganization enerdi?. *® The transfer integrat)is related tdhe strength
of the electronic coupling between two adjacent molecular enttiesdescribes the ease
of charge transfer between these two entities in a giireotin!® In highly crystalline
structures at low temperatures (structures maximizing charge delocaljzattarge
transport is similar to that seen in inorganic semiconductors and is described as being in
the bandike regime where the bandwidths of the HOMO and LUMO levels of interacting
polymer chains determine charge mobilities. At higher temperaturgs (eom
temperature, where thermal energy is ~2.5 kJ/mol), localization of charge carriers occurs
as the bandwidths are decreased due to phscattering processes which in turn
decreases charge mobilitiesCharge transport in rootemperature polymer
saniconductors involves the intrand interchain hopping of charge carriers (known as
the Ohopping regi med). Mo st simpl vy, a cha
neighboring neutral molecule, itself becoming oxidized (in the case of electrofetjdaos
the neutral state while the other molecule is redd®éd. each molecule is now in a new
electronic statechanges in equilibriungeometryoccur due to thalifferent bonding

arrangementg~igure1-7).
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Figurel-7 Schematic Representation of the potential energy surfaces of the initial and
final state upon charge transfer, with relevargrimal reorganization energies noted.

The reorganization energy is the energ)
system upon charge transfer. This includes
geometry changes within the molecule itself,®dlt s o t he o6éexternal 6 r e«
of the surrounding medium &spolarizes/relaxes to accommodate the new charge (or lack

thereof).

The rate of charge hoppingegl} is derived from Marcus thed® and carbedescribed as

shown in Equatio@wher e T is the temperatur €gurea» i s t
1-7), t is the transfer integral, antd and kg are the Planck and Boltzmann constants
respectively. It can be seen from Equatibthat charge transfer is a thermadigtivated
process,and that maximizing the transfer integral and minimizing the reorganization

energy upon charge transfer are key to increasing the rate of charge transport.

. P e~ sl =
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1.2 Organic Field Effect Transistors
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1.2.1 Components and Structures of Organic Field Effect Transistors

Organic fieldeffect transistors are basic circuitry elements that allow
measurements of field effect mobility via the application of an applied gate voltage that is
capacitively coupled to the polymer semiconductoEET devices are comprised of layers
of materials assembled on a substrate: the gate, source, and drain electrodes, the gate
dielectric, and the semiconductor. The four types of device architectures are shown in
Figure 1-8: bottom gate bottom contact (BGBEigure 1-8a), top gate bottom odact
(TGBC- Figure 1-8b), top gate top contact (TGTEIgure 1-8c), and bottom gate top

contact (BGTGFigure1-8e).

gate dielectric

:' : I source & drain electrodes

—— semiconductor
b) d) =1 gate electrode

I active area of channel

[ substrate

Figure1-8 OFET device architectures. a) bottom gate bottom contact b) top gate bottom
contactc) top gate top contact e) bottom gatp tontact

BGTC and TGBC devices have O0staggeredd
of the conductive channels are offset from the source and drain contacts. Conversely,
BGBC and TGTC structures are o6coplanaré as
and dramn contactsThe staggered geometries generally exhibit lower contact resistance due
tothe extendethjection areggap between the gate electrode and contacts) which can also
vary chargecarrier injection dynamic¥:! Top-gate electrodes can act as encapsulation

layers and reducenvironmental degradation due to water and oxygen in devices they are
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incorporated into, however the integrity of the semiconductor may be compromised during
deposition. Likewise, the semiconductor integrity can be compromised during the
deposition of sowe/drain contacts in BGTC structuf®sBGBC structures, though
exposed, have the advantage of maintaining pristine senictmittielectric interfaceas
semiconductor deposition is the final step in device fabrication. Device geometries must

be noted when comparing reports of OFET performance.

The gate electrode commonly a metal or doped semiconducidrich is covered
with an insulating dielectisuch as an inorganic oxide layer (e.g.pi@ an insulating
polymer (e.g. poly(methylmethacrylafe The dielectric layer has a profound impact on
device performance not only for itepacitancdut also for its effecbn thedynamics of
the semiconductedielectric interface where the active area of the channel resithécsh
is at most only a few nanometers wid)The surface energynd roughnessof the
dielectricinfluences the morphology of the deposited semiconductor finusthe trap
density at the interface, both of which have extensive implications for charge transport.
Inorganic oxidesn particularare plagued with high trap densities due to charactedlistic
rough surfaces and terminal hydroxyl groups which serve as charge traps upon reduction
by charge carriers. Surface modificationS¥©, gate dielectrics through the introduction
of organosilaneelfassembled monolayers (SAMs)a common approach passivating

these charge traps and adjusting the physical properties of the dielectric ¥urface.

The source and drain electrodes are typidailiyn work functionmetallic contacts
(e.g. gold which can be vapedeposited through a shadow maskpainted/printed on

with conductive inks The organic semiconductor layer (~50 nm thick) can be vapor
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deposied (if small molecules) or processed from solution (spiating, bladecoating, ink

jet printing, etc).

1.2.2 Organic Field Effect TransistdDperationand Characterization

The operation of an OFET is dependent on the application of two potentials as
shown inFigure 1-9; the voltage applied between the source and drain electrodes known
as the sourcdrain voltage Vp, and that applied to the gate electrode known @asTie
semiconductor and gate electrode are capacitively coupled so that an applied gate bias
induces chargearrieraccumulation at the semiconductor/dielectric interfac@ i s fit ur n

ono thetthranghstbode o6field effecto
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Figure1-9 Simplified energy level depiction of an OFET at various applicationgof
and \e. Adapted from referenc@

The HOMO and LUMQevels in the semiconductor shift to higher energies relative

to the Fermi levels of the metal contagidich are externally controlled) response to a
negative applied ¥in a pchannel devicéall opposite for rchannel® When \s is large
enough, the FMOs of the semiconductor become resonant with the Fermi levels of the
contacts which allows charge carriers to flow between tNénen there is no appliedgy

there is no charge accumulation and the transis i dMosh a thé induced charge
carriers are mobeé and move in response to an applied Msulting in a current between

the source and drain contactspfl In a real device, a smallads required to first fill the
charge traps present at semiconductor/dielectric interfabefore mobile charge carriers

can accumulatelhis trapfilling voltage is known as the threshold voltage, V
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Figure1-10 Operation of an OFET. a) Ideal outminaracteristicsvith Ip shown on a
logarithmic scaldfrom referencé® b) Evolution of carrier concentration profile in an
OFETc) schematic of BGTC OFET with relevant voltages and geometric variables d)
Example transfer curveshown on serdiogarithmic axeg(from referencéd).

The evolution of ¢ with an increasing ¥ and constantVg is shown inFigure
1-10a. OFET measurements under these conditions are knoounf@g characteristics
When Wb < Vg1 V1|, the device is in thinear regime(red shadd regionfFigure1-10a)
where b increases linearly with 3 As Vp approache$Ve i V1|, the space around the
drain electrode is depl et edFigurel-101H @) Ase
Vp increases this depletion zone increases as well and the curiteatdmes saturated;
hence where \b > |V T V7| is considered theaturation regimgblue shaded region,

Figurel-10a).
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Conversely, ér a givenconstantVp the magnitude ofsb is a function of \§, as
shown inFigure1-10d. OFET measurements under these conditions are knotrarsser
characteristicsandkey OFET performance values adractedrom these measurements.

The expression foplin the linear regime is shown in equati@in

Oy © 0 ' 0 wow © 3

On 5 c
WhereW andL are the length and width of the channel (Begrire1-10c), Cox the
capacitance of the dielectric per unit area (in units of nBj/ande is the carrier
mobility (i.e. the velocity per unit electric field, expressed in units g\ctal). The
mobility in the linear regimés extracted from the slope of theVp curve. The
expression ford in the saturation regime is shown in equatdon

W
(O 4

Q)

Where the device mobility can be derived from the shufde st vs. Vs (Figure1-10d,
right axis).The threshold voltage of the devicdagen as the-jntercept ofthe linear
extrapolation othe bsat’? vs. Ve slope. A large on/off current rationks (reported as

10, i s required so the 6ond and O0o0offd stat

Thecharge arri er mobi |l ity (€,)andcurréneratio hr es hol ¢
(lonvoff) are the figures of merit most commonly used to evaluate OFET device
performance. Whil¢éhese performance characteristics can be modified through careful

selection and design of the semiconductor material it is imperative to recognize that these
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metrics are properties of tloeviceitself, and do not directly reflect any intrinsic

properties oftie semiconductor material. Device performanaiejgendent on the device
geometry, processing, operating conditions, current detection limits of the measurement
apparatusand the integrity of the mobility extraction procedu&®.For OFETSs to

compete directly with the entrenche&®iH devices, they need meet the same
performance standards n ¢ | u d i n?gseand@nol® Eafia maximum

operating voltage of 15 V (or les¥)ldeally, OFETs should not have large voltage shifts

and should be stable after prolonged exposure to ambient confitions.
1.3 Charge Transport Materials for Organic Field Effect Transistors

Many D-A polymers have shown high charge carrier mobilities, however the nature
of the D-A design strategy produces narrow bandgap copolymers with high HOMOs and
low LUMOs, resulting in ambipolar charge transport behaviour in OFETs. Ambipolar
semiconductorsare attractive as thegan greatly simplify the fabrication process of
complementary metalxide semiconductor QMOS)-like complimentary circuits
Unfortunately, the low w/off ratios and high off currents characteristic to ambipolar

devices greatly increases their power consumgtion.
1.3.1 The NChannel Challenge

Significant progress has been made in improving the performangeladnnel
devices, however the performance efhannel devices lags far behitfdlo enable the
fabrication of CMOSlike complimentary circuits, both-pand nchannel deices of
comparable performance are requjraad improving the performance ethannel OFETs

remains a key challenge in the fieltheoretical studies have shown electrons and holes to
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have similar (though not identical) reorganization energies anddrangegrals in most
organic semiconductors; hence it cannot be said that electrons are inherently less mobile
than holes in these systeffisThe extent to whicm-channel or gchannel transport
behaviour dominates is a factof not only of the intrinsic properties of the semiconductor
itself but also of the device architectufiehe following will discuss factors for poor n
channel device performance relative to that-@hpnnel deviceand the challenges this

presents to@ymer semiconductor design

1.3.1.1 Semiconductor Stability

During device operation, the polymer semiconductor in amannel OFET is
effectively 6dopedd with el ectronsradicahj ect e
anions are unstable and are easMigized upon contact with water or oxygemeaningn-
channel devices cannot be operated in ambient atmospihdfe de Leeuw et. al. first
highlighted the inherent redox instabilities that had been observedaped conjugated
polymer semiconductors arstated that an anionic polymer should have an oxidation
potential greater than +0.571 V (vs. SCE) to be stable towards both water and oxygen (as
calculated for pH of 7 and neglecting any overpotentfdi§perational OFET stabilities
of anthracene derivatives was investigated\tanget. al, in which they found a material
having a reduction potential betwedn6- -0.4 V (vs. SCE) would have stablechannel
performanc€® After a decade of research on organic semiconductors -firannel
devices, the reduction potential €i.4 V (vs SCE) ¢r an EA of-4.0 eV vs. vacuum)
remains the benchamk to expect a given semiconductor to have ambient operational
stability.”* This presents quite a challenge to synthetic chemists to design increasingly

electron deficient moieties.
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1.3.1.2 Charge Carrier Trapping at the Semiconductor/Dielectric Interface

The silanol (-SiOH) moieties on Si@ dielectric surfaces effectively serve as
electron traps that inhibit charge transgérf Upon electron trappingSiO is formed on
the SiQ surface. Thexact mechanisms of electron trappingdisputed but are thought
to be a dynamic of electrochemical interactions betweemrtibege carriers, theurface
silanols on the Si@dielectrics and trace amounts oband Q adsorbed onto the
dielectric surhice’*">The substrates ofchannel OFETs have also been found to become
more negatively charged after being stressed atiysgate biase&’’ The formation of
-SiO upon electron trappingot only increases the electron injection barrier (resulting in
a decrease oflectron current), but also increases thefdt hole accumulation while
reducing \r for electron accumulation causing both to positively shift in the transfer
curves’® In this way, the electron current is simultaneously suppressed vadetrrent
is increased?® Surfacetreatment of Si@d i el ectrics with SAMs to
is necessary for-nhannel operatiof>*"®’°However, it should be noted that the self
assembled organosilanes commonly used to passiS&de has been shown to
incompletly cover the surfaces, meaning free silanol groups are indeed still present on
6passi vatwhie SAMscan alleviat the-drapping, trace amounts of water
can be trapped in films and at the surface of the insulator/semiconductor interface which
cannot be completely removed under vacuum. Béonal. evenreported the presence of
bishydrated oxygen corfgxesas common electron traps in singlerrier diodes that had
been fabricated in anMilled glovebox and tested under vacutithese reports highlight

the practical limitations on experimental conditions that have plagued the pursuit of n
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channel OFET devices, and which shib always be considered in evaluating the

performance of these devices.

1.3.1.3 Contact Resistance and Charge Carrier Injection
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Figurel-11 Energy level alignment of source electrode vgigémiconductor FMOs.
Adapted from referenc®.

In addition to electrochemical stability, the low frontier energy levels of polymer
semiconductors for -ohannel OFETs presents challenges efficient electron
injection>%8384As shown inFigure1-11, energetic alignment of the frontier energy levels
of the polymer semiconductor with the fermi energy of the source electrode impacts the
majority charge carrier injected into the devi&eOhmic contacts are expected when the
work function of the source electrode is aligned with a FMO of the semiconductor within
a few tenths of an e¥® Larger misalignments lead to nammic contacts with the
formation of potential barriers at the electrode/semiconductor interface, resulting in poor
charge injection and increased contact resistftié@he electron injection barrier height,

Ue, is decreased as the LUMO energy of the semiconductor is lowered to be more closely
aligned withthe Fermi energy of the source electrode mateTia¢ low work-function

electrodesamenable to efficient electron injection into most semiconductingnpoty
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(such asAl, Ba, and C&P® are themselves prone to rapid oxidation in ambient
atmospherepreseting prohibitive difficulties in device fabricationkor this reason, Au
electrodes with a Fermi energy -&.1 eV are the most commonly used electrodes in n

channel devices despite being more favourable for hole injettion.
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CHAPTER 2. SYNERGISTIC USE OF BITHIAZOLE AND
PYRIDINYL SU BSTITUTION FOR EFFEC TIVE ELECTRON

TRANSPORT MATERIALS

2.1 Introduction?

The prevailing doneacceptor (DA) design motif has led to significant advances
in polymer semiconductor performance as it allows for thetfineng of frontier molecular
orbitals for efficient charge injectfion
stacking interactions that facilitate charge transffoMThis design strategy, however, has
proven to be of limited use in developingimannel conjugated polymers because there are
relatively few building bbcks with sufficient electron deficiency to achieve an electron
affinity higher than +4 eVif., roughly speaking, bowest unoccupied molecular orbital
(LUMO) energy below-4 eV) for facile electron injection and operational stability of
resultant polymes. In addition, the decrease in ionization potential and electron affinity
(destabilization of the highestcupied molecular orbital (HOMO) and LUMO energy
levels) upon incorporation of a donor unit often leads to ambipolar behavior in OFET
devices(Figure 2-1), which can lead to unbalanced hole/electron mobilities, undesirable

leakage currents and small current on/off ratieg/orr).*>:%1 9

1 Reproduced in part with permission fradmemistry of Materialssubmitted for publication. Unpublished
work copyright 2019 American Chemical Society.
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Figure2-1 Depiction of thereasoning behindonoracceptor and athcceptor molecular
design strategies. Note the destabilizing effect of the donor moiety ingedpolymer.

The use of allcceptor (AA) polymers to minimize intramolecular charge transfer
and preserve polymer low lyirfgpntier molecular orbitals (FMOs) has been demonstrated
to successfully result in unipolarainannel materials upon incorporation into conventional
transistor device¥ 1% Performance improvements were observed because the increased
electron affinity facilitated electron injection and the increased ionization potentials
diminished hole accumulation. While thenghesis of many acceptor units poses
difficulties, the pursuit of higiperformance AA polymers is challenged further by the
relative steric bulkof common electrondeficient moieties(e.g. perylenediimides,
naphthalenediimides, etcfor instance, sterieffects can lead to twisted polymer
backbones, which negatively impacts molecular packing in thin films and adversely affects
charge transpoft:®wWhi | e the introduct i onbitbophere fis pac

(BT) has produced high performancecmannel ptymer semiconductor®?1% the
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electronrich nature of the thiophene units can also reduce the ionization potential

(destabilize the HOMO) and lead to ambipolar beha¥ior.
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Figure2-2 Structures of PDBPyBT, PDBTz, aRDBPyBTz copolymers

Sun.et. al.introduced a higtperformance ambipolar material based on a pyridine
flanked diketopyrrolopyrrole (DBPy) unit as an acceptor and BT as a donor, which
exhibited electron and hoelmobilities of 6.3 criVs?! and 2.78 crfv-!s?, respectively
(structure shown irFigure 2-2).1% Similarly, ambipoér behavior was observed in a
copolymer of DBPy and electratonating thieno[3,D]thiophene with a reported mobility
of 3.36 cmiV-1s'for holes and 2.65 cfi s for electrons®® Unipolar nchannel behavior
was observed when helgjection was suppressed with polyetimdenine (PEIymodified
Au electrodes® Interestingly, Muelleret. al. reported more pronounced-chainel

behavior in pyridindlanked DPP polymers upon fluorination of a thiophene

27



comonomet® Six-membered rings flanking the DPP, diketopyrrolopyrrole, are generally
more electrordeficient than fiveme mber ed r i ng al t-efectrons re ve s
delocalized over a larger ring. The DBPy unit is especially attractive for usehammel
pdymers since the pyridine electronegative nitrogen atom not only serves to lower the
FMOs vs phenyl rings, but also relieves steric interactions between the lactam oxygen
at oms a-hydrogénhatomslUpresent in diphe®PPst® Our quanturrchemical
calculations corroborate the previously reportéddihedral angle seen between the
pyridine and the DPP corgide infra), making the DBPy unit completely plartdf.The

high electron mobilities seen in DBRyased ambipolar polymeric semiconductors suggest
that the pyridine substituted moiety may be a promising acceptor for incorporatiort into A

A copolymers.

Aviable secondh c c e pt or u n-bithigzolenBrIm),enight be2conBidered
as an effective comonoméstructure shown irFigure 2-2). In contrast to the more
commonly used BT, BTzsi more electromleficient due to the presence of an
electronegative nitrogen atom within the fimembered ring that serves to increase the
electron affinity’!! The interaction between the nitrogen lone pairs and antibonding
orbitals i n the adjacent thiazole rings
conformationt!! in contrast to the BT analog that exhibits a dihedral angle of.*30
Reently, we developed a synthetic strategy for the facile incorporation of BTz into
conjugated polymers, and further demonstrated that the replacement of BT with BTz
increases the electron affinity of the resultant polymer thereby prometihgmnmel charge
transfer characteristics as determined by OFET performah@@e BTzand thiophene

flanked DPP BA copolymer exhibited an electron mobility of 0.3 ¥rfs?® in top-
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contact/bottom gate (TCBG) OFET devidésSubsequently, BTz was polymerized with
DPP to afford a dithiazol®PP AA copolymer haing a unipolar fieldeffect mobility up

to 0.067 criV'stin a bottomgate/bottorrcontact (BGBC) devicd’

This chapter describeéke copolymerization of the BTz distannane monomer with
a brominated DBPy to afford an -atceptor, unipolar “channel polymer,
poly(dipyridinyldiketopyrrolopyrrolebithiazde), PDBPyBTz as shownin Figure 2-2).
With the combination of two planar electrdeficient units, both of which had
demonstrated high electron mobility in isoelectroomnjugated polymer precursors,
poly(dithienyldiketopyrrolopyrrolebithiazole) PDBTz and
poly(dipyridinyldiketopyrrolopyrrolebithiophene) PDBPyYBT, the optoelectronic
properties and device performance charact
semconducting material with these analogous structaresxplored. The computational,
photophysical, morphological and device investigations demonstrate that-doeegtor
approach with judicious choice of molecular structural moieties can lead tosiige ded

development of effective electron transport semiconducting materials.

2.2 Experimental

2.2.1 Materials and Methods

Chloroform, dichloromethane, toluene;xplene, isopropanol, tetrahydrofuran
(THF), dimethylformamide (DMF), chlorobenzene, ab@-dichlorobenzene (®CB)
were purchases as anhydrous grade solvents from S\ganah. THF was distilled from
sodium benzophenone in a solvent purification system (SRB)orBothiazole was

purchased from Scientific Matrix. Tetrabutylammonium bromiaeB@NBr), n,n

29



diisopropylethylamine (DIPEA), diisopropylamine (DIPA), palladium(ll) acetate
(Pd(OACY), tris(dibenzylideneacetond)jpalladium(0) (Pg(dba), tri(o-tolyl)phosphine
(P(otolyl)a), sodium diethyldithiocarbamate, and tetkautylammonium
hexdluorophosphate (FBwN][PFs]) were purchased from Sigrfddrich. N-
octadecyltrichlorosilane (OF$8) was purchased from Gelest, Inc. Silica gel was
purchased from Sorbent Technologies (Premiuff Rorosity: 60A; particle size: 405

pum). Molecular weéghts of polymer samples were determined with a Tosoh EeBHSec
(high temperature) Gel Permeation Chromatograph (GPC) with a refractive index detector
and polystyrene standards. All samples were run in -iri8fdorobenzene eluent at 135

°C. PDBPyBT (poly(dipyridinyldiketopyrrolopyrrolebithiophene DRPDPyBT0, M321)

was purchased from Ossila Ltd.

The polymer thermal decomposition temperature was measured with a-Perkin
Elmer Pyrisl thermogravimetric analyzer (TGA) in a nitrogen atmosphere (25 mL/min)
with a heating rate of 18C/min. Polymer thermal transitions were measured with a TA
Q200 Differential Scanning Calorimeter (DSC) in a nitrogen atmosphere (50 mL/min) with

a heating/cooling rate of &/min. Each sample was scanned for three cycles.

UV-vis absorption spectra were recorded on an Agilent 8453VidWle
SpectrophotometeRolymerfilms for UV-vis absorption characterization were prepared
by spinrcoating polymer solutions inypylene (5 mg/mL) and chloroform (5 mg/mL) onto
pristine SiQ glass substrates and O8 pretreated glass covered substrates. The details
of OTS18 pret r eat ment are depicted in the secti

Char act eRhotaduminasaenc® (PL) spectra were taken using a conthwees
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(CW) laser emitting 637 nm light at the maximum power of 50 mW (Coherent CUBE,

USA).

PL emission from the sample was collectemim an optical fiber(core diameter
600 um) and sent to an Ocean Optics spectrometer (USB4000). Solutions were measured
in glass cuvettegl cm x 1 cn), at a 90 angle with respect to the incident excitation beam,
while films were tilted at 45with respect to the beam. A 650 nm long pass filter was used

to remove pump scatter from the spectra.

Cyclic voltammetry was performeith a threeelectrode cell using a Princeton
Applied Research 273 potentiostat/galvanostat under CorrWare control. The electrolyte
was 0.5 M tetrabutylammonium hexafluorophosphate (TBAREros Organics, 98%
recrystallized from hot ethanol) dissolved imopylene carbonate. A glassy carbon
electrode with drogastpolymer film (1 mg/mL solution in CHG) was used as the
working electrode. A glassy carbon rod served as the counter electrode, and ah Ag/Ag
electrode (10 mM AgNegand 0.5 M TBAPFin acetonitile, 0.085 V vs. Fc/F9 was used
as the reference. The experiments were performed in an inert atmosphere with scan rates

of 50 mV/s.

Ultraviolet Photoemission Spectra (UPS) were measured on Kratos Axis Ultra
DLD XPS/UPS system, using a Hidamp radiationat 21.2 &. All samples were in
electronic equilibrium with the spectromets a metallic clip on the surface and were run
at a base pressure ofIDorr. The Fermi level was calibrated using atomically clean silver.
UPS were acquired at 5 eV passrggeand 0.05 eV step size with the aperture and iris set

to 55um. From the secondary electron edge (SEE) of the UPS we calculated the work
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function ¢ = 21.22SEE) for each polymer, and from the emission close to the Fermi level
we determine the positioof the valence band maximum. IP {HOMO) and: were

calculated by equation§)(and 6):

00 @ O - (5)

% @ O (6)

Whereh 3Ecuof, andWF denote the incident photon energy (HE 1, 21.22 eV), the

high binding energy cutoff, and the lowest binding energy point, respectively.

The surface morphologies BDBPyBTZfilms were characterized by Atomic Force
Microscopy (AFM) using a Bruker Dimension Icon Atomic Force Microscope System with
ScanAsyst in the tapping mode using a silicon etched probe tip (Mikromasch USA,
HQ:NSC14/NO AL). Polymer films for AFM characterigat were prepared by spin
coatingpolymersolutions in chloroform (4 mg/mL) andxylene (4 mg/mL) onto OT38

pretreated Si@dielectric (300 nm) / p++ doped Si substrates.

2D-GIWAXS characterization was carried out using beamlin& Al the Stanford
synchrotron radiation light source (SSRL). The beam was kept at an energy of 12.7 keV,
with the incident angle controlled at 0-0314. WxDiff software was used for reducing

the 2D scattering maps into 1D intensity vsspgcing plots. Polymeilm orientaion

di stribution was i nvest i ga§,asishdwgirtguatiorman 6 s

(7) and 8):
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To simplify the calculations; was defined as®t theq. axis (outof-plane), and
as 90 at theqyy axis (inplane). The(c) term is the <100> or <010> intensity at each
and sing) represents a geometric intensity correction factor. The molecular orientation
parameterf, refers to the average lattice ptaarientation relative tGmax the azimuthal
angle at whichli(c) approaches the maximum. According to equation $4¥%1, if on
average, the lattice planes completely align parall@htq S=-1/2 if they completely

orient perpendicular tanax While S= 0 if the lattice planes orient randomly.

BCBG OFETs were fabricated on a heaviydoped silicon wafer <100> as the
gate electrode with a 300 nm thick layer of thermally grown 88Xhegate dielectric. Au
source and drain contacts (50 nm of Au with 3 nm of Cr as the adhesion layer) with fixed
channel dimensions (50 pm in length and 2 mm in width) were depositeeb@ark using
a photolithography lifoff process. Prior to deposition pblymer semiconductors, the
devices were cleaned in acetone for 30 minutes and subsequently rinsed with acetone,
methanol, and isopropanol in sequence. The Siface was pretreated by UV/ozone for
30 minutes followed by immersion into a 2.54 x*M (1 uL/mL) solution of OTS18 in
anhydrous toluene. The devices were then cleaned by sonication in toluene for 10 minutes,
followed by rinsing sequentially with acetone, methanol, and isopropanol, and drying

under a flow of N. The HO contact angle for thSiQ surface after OTS8 treatment was
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in the range of 98.05°; the OTS18 modified SiQ dielectric has a capacitance of 1.1 x 10
4Fm2. Polymer solutions (10 mg/ml) were then blade coated onto substrates-coated

(90 s, 1500 rpm) under ambiernalitions. The capacitances of the dielectric layers were
measured using an Agilent 4284A Precision LCR M&RIOFET characterizations were
performed using a probe station inside a nitrogen filled glovebox using an Agilent 4155C
semiconductor parametdrhe FET mobilities were calculated from the saturation regime
in the transfer plots d¥c versuslsp by extracting the slope of the linear range efvé.

Isp'’? plot and using equatic®

7% - ©
Wherelsp andVsp are the sourcdrain current (A) and souradrain voltage (V),
respectivelyMg is the gate voltage (V) scanning fre20 to 80 V (for BGBC OFETS) in
the transfer plotCox is the capacitance per unit area of the gate dielectric fyandL
refer to tle channel length and width; pepresents the electron fieddfect mobility in the
saturation regime (cfir''s?). In this study, the threshold voltagé;, was calculated by
extrapolating M = Vg at lsp = 0 in the \& vs. Isp'?curve. The arrent on/off atio, lonof,
was determined through dividing maximuss (Ion) by the minimum dp at about \é in
the range 0f20 to O V (brr). It was noted thaPDBPyBTzfield-effect mobility was more
stable and hysteresis was reduced after thermal annealing 4C 1650 90 minutes in
OFETs and no obvious improvement was observed at annealing temperatures above 150

°C.
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The microwave irradiated polymerizations weredwsted using a CEM Discover
SP SystemtH and'*C NMR spectra were recorded using a Varian Mercury Vx 300 nuclear
magnetic resonance spectrometeBruker AvancéllHD 700 nuclear magnetic resonance
spectrometer.The complete synthetic route to PDBPyBT&Z shown inFigure 2-3.

Associated NMR spectra can be found in the appendix.
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Figure2-3 Synthetic Route to PDBPyBTz

2.2.1.1 Synthesis of 13{(bromomethyl)tricosanelj

PPh (6.69g, 25.1 mmo) was added to a 100 mL round bottom flaskiipped with
a stir bar and addition funnethich was then degassed/refilled withtNree times. 1L

of anhydrousdichloromethandDCM) was then transferred to the flask to dissolve the

35



PPh. The reaction flask was then placed in anba#h. When the reaction mix was at 0

°C, Br (1.1 mL, 21.4 mmol) was then added dteige via the addition funnel, turning the
soluion from yellow to orange.-Pecyl-1-tetradecanol (1§, 28.1mmol) was then added
dropwise to the reaction mix, followed by an additional 4 mL of DCM. The reaction mix
was then allowed to reach room temperature and stirred overnight. The solventsewere th
removed, and the product extracted with hexanes and purified via column chromatography
(silica gel, hexanes eluent) to yield 8.5f colorless transparent oil (72% yielt) NMR

(300 MHz,CDCl): 1i3.45 (d,J = 3.4 Hz, 2H), 1.59 (m, 1H), 1.27 (m, 40 H), 0.88 (m, 6H).

NMR agreed with that reported by Gab all!*

2.2.1.2 Synthesis oPyDPP D)

5-Bromopyridine2-carbonitrile (6.19g, 34 mmol), diethyl succinate (2.4 15
mmol), and 2methylbutarol (70 mL) were added to an owenied round bottom flask
equipped with a condenser and stirred at room temperature -dbeeinpotassium -t
butoxide (4.14y, 37 mmol) was then added all at once, at room temperdtueaeaction
washeated to 100C and allowed to stir overnighithe eaction mixure waghen allowed
to reach room temperature, and precipitated in Mé@ldwed by fltration to yield 2.@
g of insoluble red solid @6 crude yield)The nsoluble productvasused inthenext step

without characterizatiotf®

2.2.1.3 Synthesis of PyDPRAI (3)

PyDPP P) (500 mg, 1.1 mmol) and potassium carbonate (400 mg, 2.9 mmol) were
combined in a round bottom flask which wagplaced under BN Anhydrous

dimethylformamide (DMF) was then added via cannula. The mixture was stirred@t 90
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for 30 minutes to disdee, where the reaction mixture turné@m red to dark bluel-
bromeo2-octyldodecanel({ 1.15g, 2.7 mmol) was then adde&t syringe then heated to
130°C, turning from blue to maroon within a minute of adding the alkyl bromiite.
reactionwas closely monitored via TLCfor disappearance of starting materitien
allowed to cool to room temperature after 1 hdure eaction mixure wasdiluted with
ethyl acetate (EtOAc) and washed with brine (9 x 20 mL) to remove, iR the solvent
was rotovappedrom the combined organic fractianBhe product was then purified via
column chromatography (silica gel, toluene eluent) to give @@d@noily maroon solid
(59% yield)."H NMR (300 MHz, CDCY) 118.94 (d,J = 8.6 Hz, 2H), 8.74 (d] = 2.4 Hz,
2H), 8.01 (dd,) = 8.6 Hz, 2H), 4.28 (d] = 7.3 Hz, 4H), 1.60 (s, 2H), 1.20 (s, 90 H), 0.87
(t, J= 8.5 Hz, 17H).13*C NMR (400 MHz, CDGJ) U 162.47, 150.09, 146.05, 144.96,
139.69,128.34, 122.45, 111.42, 45.29, 38.21,93, 31.90, 31.44, 30.01, 30.00, 29.68,
29.66, 29.62, 29.56, 29.37, 29.33, 26.37, 22.69, 22.68,14.13, 14.12. Overlapping of alkyl
peaks in'3C NMR spectra. Both NMR spectrare in agreement with previous

reports!®®11511%please seEigureA-2 andFigureA-3 in Appendix for spectra.

2214 Synt hes-Bithiazolé@d) 2, 2 6

Freshly distilled diisopropylethylamine (DIPEA, 2.13 mL, 12.20 mmob, 2
bromothiazole (D0g, 12.20 mmol), tetra-butylammonium bronde (1.97 g, 6.1 mmol),
and palladium(ll) acetate (Pd[OAg¢]0.14g, 0.61 mmol) were dissolved in anhydrous
toluene (30 mL) under Nand refluxed at 128 overnight. The reaction ntixewas then
allowed to reach room temperatubefore extraction into idhloromethane, and the
combined organic fractions washed with brine and dried over MgB@ solvent was

removed leaving a brown oil which was purified via column chromatography (silica gel,
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dichloromethane eluent). Yellow solid was collected (0.8%hich was recrystallized in
heptanes to produce an -ofhite crystalline solid (yield 80%4):3*H NMR (CDCk, 300
MHz) 0 7.91 (d,J = 7.80 Hz, 2H), 7.45 (d] = 7.45 Hz, 2H)Please se€igure A-4 in

Appendix for spectrm.

2.2.15 Sy nt h e s-Bis(trinmethylslannghd , -Bithiazole b)

Freshly distilled dsopropylamine (DIPAQ.6 mL, 4.27 mmol) in anhydrous THF
(2 mL) under N was cooled te78 °C, followed by dropwise addition ofloutyl lithium
(1.37 mL [2.5 M solution in hexanesB.7 mmol) to prepare the lithium diisopropylamide
reagent. The solution was stirred for 30 minutes undext°C, then cooled back down
to-78°C forthed r opwi se addi t i chithiaaole (BOmg D2Rrmantol)io n o f
THF (1 mL) which generated an orange solution. After stirring7@t°C for 2 hours a
solution of trimethyl tin chloride (44 mL [1.0 M solution in hexanes}.44 mmo) was
added, and the reaction mix allowed to reach room temperature and stir for 12 hours. The
reaction mix was then poured into distilled® extracted with DCM, and the combined
organic fractions washed with brine and dried over Mg3®@e solvent was remvedthen
the product was washed with hexanes7&t°C, leaving0.417 g of an offyellow/orange
solid (69% yield)*'3*H NMR (300 MHz, CDC)) ti7.79 (s, 2H), 0.44 (s, 18 Hlease see

FigureA-5in Appendix for spectm.

2.2.1.6 Polymerizatiorof PDBPyBTz

An ovendried 10 mL microwave vial was charged with mononge(150 mg,
3.04x10* mmol), monome3 (305.5 mg, 3.04x10 mmol, triphenylphoghine (9.3 mg,

3.55x10°> mmol), tris(dibenzylideneacetone)dipalladium(0) (8.06 mg, 8.8%xhénol),
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anhydrous toluene (7.8 mL) and anhydrous dimethylformamide (0.78 mL) under nitrogen
atmosphere. The mixture was placed in a microwave reactor for 60 maiute8°C at

200 W power while stirring at 0 atm. The color of the reaction mitureedfrom blue to
purple after polymerization. The reaction mix was then precipitated into methanol, and the
solids collected by filtering through a cellulose Soxhléintiie. The polymer was then
purified via sequential Soxhlet extraction in Me@24 hr), acetone (24 hr), hexanes (24
hr), and extracted with CHEI(24 hi). The concentrated chloroform solution was
precipitated in MeOH and filtered to yield 0.217 g afékolid (8% yield).NMR spectra
(FigureA-6, FigureA-7, appendixpf very low resolution, and individual peaks cannot be
identified and for this reasono couplings or integration data are includdd.NMR
(CDCls, 700 MH32 0 9.10-7.41 (m, aromatic peaks), 4.34 (m, presumabhCM peak),
1.980.57 (n, alkyl peaks) *C NMR (CDCl;, 700 MHz, ppm)i 161.92, 160.66, 149.81,
145.93, 144.09, 141.37, 137.583146, 127.62, 111.59, 38.31, 31.93, 31.47, 30.10, 29.70,
29.39, 26.45, 22.68, 14.12 (many overlapping pedks) 11,849, PDI®) = 1.7 Figure

2-4). Ty at 66.9°C.

2.2.1.7 Molecular Weight Distribution

PDBTz was synthesized according to literature procedtitesingl as the side
chain, with aMw of 46,175 My of 12,042 g/mol and of 3.83 figure2-5). A commercial
sample ofPDBPyBT was purchased from Ossila chemical, and found to have af
29,300,My of 11,350, anah of 2.58 Figure2-6). GPC analysis was performed under the

same conditions for all polymers for consistency.
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Figure2-4 GPC characterization of PDBPyTz irBE-trichlorobenzene at 13 2

[mV]

Molecular mass calculation result (RI)

Total
[min] [mV] [mol]
Peak start 17.390 1.772 145,299
Peak top 20.653 57.493 6,733
Peak end 22.465 1.079 1,223
Height [mV] 56.167
Area [mV*s] 5672.407
Height% [%] 100.000
[eta] 11848.56967

Mz+1/Mw

6,915
11,849
24,393
45728
11,849

6,734

2.058

1.714

3.859

Molecular mass calculation result (RI)

Peak 1 Valley Peak

[min] [mV] [mol] Mn
Peak start 15.908 -1.41 583,356 Mw
Peak top 19.148 60943 30,350 Mz
Peak end 22923 -0.583 409 Mz+1

My

Height [mV] 62.403 Mp
Area [mV*s] 12887977 Mz/Mw
Area [%] 100.000 Mw/Mn
[eta] 46175.07076 Mz+1/Mw

Figure2-5 GPC characterization of PDBTz with TCB at 185°

2GPC analysis of PDBPyBTz de by Dr. Bing Xu
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Molecular mass calculation result (RI)
Peak 1 Valley Peak

[min] [mV] [mol] Mn 11,350

Peak start 15.813 -0.584 639,841 Mw 29,300
Peak top 19.693 23775 18,101 Mz 77,723
Peak end 22355 -0.499 903 Mz+1 180,095
My 29,300

Height [mV] 24463 Mp 20,615
Area [mV*s] 3967.822 Mz/Mw 2653
Area% [%)] 100.000 Mw/Mn 2582
[eta] 29300.07001 Mz+1/Mw 6.147

Figure2-6 GPC characterization of PDBPyBT with TCB at P85

2.2.1.8 Thermal Characterization

PDBPyBTzis stable up to 338C (Figure2-7). DSC characterizatiorFigure 2-8)
showed a glass transition temperature6a® 8C but no other thermaldnsitions up to 290
°C. These results are not unusualtas common for conjugated DR#lymers to exhibit
high thermal stability and not have a melting temperature below the decomposition

temperature.

3 GPC analysis of PDBTz done by Bronson Cox
4 GPC analysis of PDBPyBT done by Bronson Cox
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Figure2-7 Thermogravimetric Characterizatiof PDBPyBTz in nitrogen atmosphere
(25 mL/min) at a heating rate of 2G/min.
DSC Curve (3 cycle; 10 °C/min)
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Figure2-8 Thermalcharacterization of PBPyBTz using diffeential scanning
calorimetry DSC characterization was based on tHd&ating/cooling process in a

nitrogen atmosphere with a nitrogen flow rate of 50 mL/min and a heating/cooling rate of
10°C/min.

2.3 Results and Discussion
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2.3.1 Molecular Geometry and Fronti€rbitals®

It is useful to begin with a discussiontbie equilibrium geometry of PDBPyBTz
at room temperature, as the planarity of the conjugated backbone directly impacts
conjugation lengtlalong a single polymer chaifhe total energies of a single repeat unit
of PDBPyBTz were calculated as a function of the indicated torsional angles shown in
Figure2-9 (note the alkyl chamwere replaced with abutyl group to save computational

time). Thermal energy at standard temperature (300 K) is denoted with the black dotted

line for reference.

Relative energy (kcal/mol)

S
N
\_/

180

o]
2 //\ 1

° /
60

Dihedral Angle

Figure2-9 Potential energy surface (PESirvesillustratingthe torsional angkebetween
the DPP and pyridinyl unitged line), between the pyridine and thiazole units (blue line),
with the geometry optimized at theB97X-D/6-31G(d,p) level of theory. The dotteide

5> The results presented in Section 2.3.1 are a result of a collaboration primarily between Dr. Simil Thomas
(Bredas lab) and Carolyn Buckley (my8eAll computations were performed by Dr. Simil Thomas and are
presented here as they are integral to the interpretation of experimental results and hence the conclusions
made from the study. In no way do | claim credit for any of the computations medware. All figures
containing computational results will be noted in the spirit of full transparency and to avoid any confusion.
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represents ther mal e n ECongpytatianal reSulls@on&by Dra O .
Simil Thomas]

There are two energy minima at°3hd 150 for the torsional angle between the
thiazole and pyridinyl units, with a small barrier heightcaf 2.4 kal mof?* (less then
ambient thermal energy) af Between these minim& s t h-kithia2ole2riety is
known to be plandt’, one can expect the entire monomer unit to be oriented wig0
the neighboring pyridinyl moieties atam temperaturelhe torsional angle between the
pyridine and DPRore has a single minimum a&t, Qvith a large torsional energy barrier
far surpassing thermal energy at 300ltKclearthatthe pyridinyl nitrogerenergetically
favorsfacing the neighboring amide nitrogen and witit deviate far from this coplanar

formation in ambient condition'¢3
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Figure2-10 Visualization of the frontier molecular orbitals of the PDBPyBTz tetramer
obtained at the tuned B 9 7 X-B1G(@,p) level. [Calculations done by Bimil
Thomas]

The frontier molecular orbital wavefunctions for the PDBPyBTz tetramer are

shown inFigure 2-10. The orbital coefficients are indicated by the size of the colored

6cl oudsé above and bel ow the respective

distribution across the surface of the molecwith the parity of the orbitals denoted by

color. It can be seerF{gure2-10) that theHOMO is localized on the core DPP moieties,
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while the LUMO is slightly more delocalized across the conjugated backhdthe

noticeably larger orbital coefficients on the pyridinyl and bithiazole moieties

A) °
» [*] d » o« P
r 1@ e B o = s AL s
Y L .
< yo ¢ " @ “®. 9 < B < =
‘.'. ’ o’ «
B) can g ! v Y{ e
e o \ e ) o O D = ' oo Ay Y N f‘~? g
9 N o< T & < g . % o p S
= .‘.‘ e ~—4 < . —oy ¢ 4 of }-\ . L 4

Figure2-11 Singly occupied molecular orbitals (SOMOSs) of the PDBPyBTz tetramer,
depicting a) the anion and b) the cation wavefunctions. [Calculations done by Dr. Simil
Thomasas t he WBEAApXIEvE 6

In a transistor device the injection of holeglalectrons from the source and drain
contacts under an applied bias eantkseinisi al |y
useful to visualize how the electron density is distributed across the molecular structure in
the cationic and anionic formsg it would be in bearing injected holes and electrons,
respectively)Figure2-11a shows thanion wavefunction distributed across a single repeat
unit of the PDBPyBTzdtramer, whild=igure2-11b shows the cation wavefunction largely

localized on the DPP core and minimally present on the flanking pyridinyl units.

2.3.2 Characterization oDptoelectronic Properties

The UV-vis absorption spectra for both solution and bledated thin filmsof
PDBPyBTzarepresentedh Figure2-12, while thespectral characteristics are summarized
in Table 2-1. The more intense absorption bands betweer78R0nm, and the lower
intensity bands between 3880nm ar e atH{ ri buteadi t positives . Mi n

solvatochromisnwas seenn the G1 blues h i f dfax frant the &hloroform to fxylene
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solutiors, indicaing a slightdestabilization othis excited state upon decreasing solvent
polarity® T h enaxathe chloroform solutiong32nm)and thin film (656 nm) for the-0

0 transition ofPDBPyYBTzis blueshifted from that of its bithiophene anal®®pBPyBT
(683 nmand 695 nm, respectivgly® and its thiophensubstituted DPP anald@DBTz
(767 nm and 765 nm, respectivelyj Thisis consistent with the lesser electmarh nature

of PDBPyBTzthat consists of two acceptor units, in comparison to that in typigal D

copolymers.

Table2-1 UV-Vis spectral absorption characteristics of FBTz and analogous
previously reported polymer structures

0-0 0-1

Polymer Solvent a'_naxabs, soln amaxabs, film amaxabs, soln amaxabs, film Egopt
[nm] [nm] [nm] [nm] [eV]
CHCls 632 656 591 600 1.47

PDBPyBTZ
p-xylene 636 656 588 602 1.47
PDBTZ!3 CHCls 767 765 702 697 1.33
PDBPYBT®®  CHCl; 683 695 ~630 ~650 1.65
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Figure2-12 UV-Vis Spectra of PDBPyBTz in both solution (1 x°M, chloroform, p
xylene) and thin film, and the calculated TIT spectrum (assuming a surrounding
medium with a dielectric constant corresponding to GHOFT done by Dr. Simil
Thomas]. Film U\Vis spectra were obtained by spincoating solutions onteolZdhe

cleaned Si@slides before deposition.

The changes observed in the solution vs. ssthide absorption spectra are

consequences of an increase in intermolecular interactions and molecular ordering among

the PDBPyBTz chains, and can provide insigitbithe types of aggregates formed,

provided that the strengths of the intermolecular excitonic coupling and vibronic coupling

are similart'® The absorption spectra of the thin films, having similar maxit&5& nm,

are bathochromically shifted from the solution spectra of the polymer in either solvent,

which is indicative ofh g gr egat i on ac c orinadgiton, the igtms h a 0 s

of the first two vibronic peak intensities foire G0/0-1 transitions is below unity in both

solution spectra and becomes inverted in thefimmabsorption spectra. This observation

is further evidence of-dggregation, as it has been shown that with increasing exciton

bandwidth, JH]-aggregatewill show an increase [decrease] in the ratio of the oscillator
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strengths of the first two vibronic peaks in absorption spétttal?? Interestinglythere
is no change in h gax0oBthe films after annealing above thgat 100°C for 1.5 hours
The optical gap () of PDBPyBTz evaluated from the solithte absorption onsetda.
1.47 eV, which is smaller than that of PDBPyYBT, ££1.65 eV but larger than that of

PDBTz (§ = 1.33 eV)}13
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Figure2-13 Photoluminescence spectra of PDBPyYBTz in both solution (chloroform) and
thin film.®

Photoluminescence spectraRiDBPyBTzwere obtained for both solution and thin
film, using an excitation wavelength of 637 nm from a continnwasge laser Kigure
2-13). The fluorescence spectrum of the thin film hashaof 698 nm, whileamaxin the

solution state was at 679 nm. It should be noted that the fluorescence spectra are not mirror

6 PL spectra obtained with much help from Dr. llaria Bargigia
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images of the absorption spectra, both being sipgbked ad displaying Stokes shifts of

47 and 42 nm for solution and film absorption maxima, respectively.
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Figure2-14 Electrochemical characterizations of PDBPyBTz polymer films under cyclic
voltammetry (CV). PDBPyBTz thin films drepasted on glassy carbon electrode.
TBAPFs (0.5 M, propylene carbonate) electrolyte, AgFAGOmM AgNOy/MeCN, 0.085

V vs. Fc/F¢) reference electrode.

The redox potentials dPDBPyBTz thin films wereinvestigated using cyclic
voltammetry Figure2-14). PDBPyBTzexhibits an onset reduction peak-a2% V (vs.
Fct+/Fc), followed by two reversible reduction peaksla460 V and-1.618 V(vs. Fc/Fe).

The reversibility of the two reductions demonstrates the stabilifyRBPyBTzas an
electron carrier. An onset oxidation potential is seen at O0/346. Fe+/Fc), followed by

an irreversible oxidation peak atlBl V (vs. Fct/Fc). As the energy othe standard
calomel electrode (SCE) faken to be 4.7 eV vs. vacutif) and Fe/Fc is +0.380 V vs.
SCE®, the formal potential of the FFc redox couple can be approximatedss eV on
theenergyscale**1%Wwith this approximation, the onset oxidation and reduction potentials
correspond to an ionization potential (B)d electron affinitf{EA) of 5.45 and 3.84 eV,

respectively, and a transport gap of 1.61 eV.
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Figure2-15 Cyclic voltammograms of PDBPyYBT polymer films. Polymer thin films
drop-casted on glassy carbon electrode. TBA@ES M, popylene carbonate)
electrolyte, Ag/Ag (10 mM AgNQyYMeCN, 0.085 V vs. Fc/Fg’

The ionization potentials of PDBPyBTz and PDBTz were estimated from cyclic
voltammetry in a similar manner, using the approximations mentioned above. PDBPyBT
(Figure 2-15) had anirreversible oxidation peak at1.033 V (vs. Fc/Fc+) with an onset
oxidation potential of +0.7429 V (vs. Fc/Fc+). One reversible reduction peak can be seen
at-1.335V (vs. Fc/Fc+), with the onset reduction potentiel &55 V (vs. Fc/Fc+). These
onset oxidation and reduction potextsiof PDBPYBT correspond to an IP-6f84 eV and

an EA of-4.04 eV, respectively.

7 CV of PDBPyBTz taken by Brian Khau
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Figure2-16 Cyclic voltammograms of PDBTz polymer films. Polymer thin films drop
casted on glassy carbon electrode. TBA@FS M, propylene carbonate) electrolyte,
Ag/Ag+ (10 mM AgNQ/MeCN, 0.085 V vs. Fc/Fc+) reference electrdde.

PDBTz(Figure2-16) has two reversible reduction peakslaB23 V and1.599 V
(vs. Fc/Fc+), with the onset of the (first) reduction at 1.140 V (vs. Fc/Fc+). The irreversible
oxidation peak at +1.083 V (vs. Fc/Fc+) in the first potential sweep is preceded by the onset
oxidation potential of +0.499 V (vs. Fc/Fc+Jhese onset oxidation and reduction

potentials of PDBTz correspond to an IR®60 eV and an EA 683.96 eV, respectively.

8 CV of PDBTz taken by Bén Khau
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Figure2-17. (left) UPS characterization of bladeated PDBPyBTz film ohlrO-coated
glass; (right) zoomedth of lower binding energy region of UPS spectrum.

Ultraviolet photoelectron spectroscopy (UPS) was used to determine the intrinsic
IP of thin films of PDBPyBTz, which was found to be 5.2 &i§(re2-17). With an optical
gap of 1.47 eV and an exciton binding energy of approximately 0.14 eV (estimated using
the transport gap of 1.61 eV), this would predict an edactffinity of 3.59 eV.
Considering the assumptions and uncertainties inherent to conversion factors relating redox
potentials to soligstate ionization potentials, we consider the values obtained from the UPS
measurements to be consistent with that eggchfrom the cyclic voltammetry resuffs:?*
Both the CV and UPS results of PDBPyBTz are suggestive of good ambient stability

towards oxidatior§?

52



CIOHI\
Nf'kc.,u:. PDBTz
=t (P1)
(o] °
CioHy, N
|
S
-2 4 CizHze /\NI/\/)-)—R
CioHzy
=y M p EIH“PDBPyBT
z
D
w4 -
&5
6 -
A1.19 5

Figure2-18. Comparison of the DF¥ B9 7 X D ¢ dHdy PruSinmal Therdasjonization potentials and electron affinities for the
monomer units with the experimental valdesthe resultant polymers, in units of eihergy differences between monomer units are
given in black, and energy differences between EA energies are gigezeim

53



A comparison of the calculated and experimental IPs and EAs between PDBPyBTz,
analogous materials PDBTz and PDBRyBand component monomers reveals the
difficulties in determining structurproperty relationships in narrow bandgap polymeric
semiconductorsFjgure2-18). In contrast \ith previous studié$®!2°and theconventional
approach to the & (and A-A) design strategy, the substitution of the bithiophene moiety
with bithiazole in PDBPyBTz did not result in larger estimated IP and EA values than those
observed for PDBPyBTSimilarly, the use of the DBPy moiety did not result in the
expected lower ionization energies in comparison to the TDPP ni8i&ilectrochemical
methods of estimating gashase ionization potentials present a number of sources of
uncertainty which make it difficult to evaluate the precision of these estimations and
consequently the qualitative value in comparing estimations between polymer
semiconductoré? 44126|ndeed, there are minor discrepancies observed between previously
reported estimations of IP and EA for PDBPY&TPDBTZ'3 and those reported here.
Bearing these uncertainties in mind, the results can be understoodaimnieg the
theoretical MO calculations of the frontier orbital geometries in assessing the effectiveness

o f -delocalization in the system.
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Figure2-19 Magnification of the frontier orbital wavefunctionsrfexamining the orbital
parities. Representative nodes in the HOMO wavefunction are denoted with red arrows.
[Calculations done by Dr. Simil Thomas]

As discussed above, the HOMO coefficients are localized on the DPP aromatic core
and minimally present aie flanking pyridinyl moieties or BTz unitEigure2-10). Upon
closer inspection, nodes in the HOMO wavefunction can be seen on both the pyridinyl
carbon atoms connected to the DPP coetween the atoms connecting the pyridinyl and
BTz moieties and between the two adjacent thiazoiwieties (Figure 2-19). Nodes
between these units are absent in the LUMO wavefunction, which ghester
delocalization along the polymer chain. Similar nodal patterns are seen between the
SOMOs of the ions, with the anion wavefunction delocalized across the repeating unit and
the cation wavefunction localized on the DPP c&igufe2-11). The electronic structure
of these wavefunctions may explain why greater LUMO stabilization was seen in
PDBPyBT than in PDBPyBTz despite a larger energy difference between the nmonome
units of the formerKigure 2-18). These observations highlight the need to consider the
fundamental principles of perturbation MO theory in selecting monomeric units using the

A-A design strategy; namely, that the strength of the interaction is not only dependent on
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the relative orbital ezrgies of the component moieties, but also a function of the degree of
orbital overlap which affects the final shape of the product oriditalee differencesn

the spatial extent of positive and negative charge carriers has implications for charge
transport®?’between holes and electrons in thin filfhgshich can affect the performance

of these materials in OFET deviceg.

2.3.3 OFET Device Characteristics

The charge carrier properties of PDBPyBTz were evaluated ftorbgate,
bottomcontact (BGBCYFET devices using a-doped Si substrate as the gate electrode,
with a 300 nm thick layer of thermally grown Si@s the gate dielectriavhich was
passivated with OT-&8 to minimize surface charge trappiAg stated inlie experimental
section of this chapter, the fixed channel dimensions weke Bib length and 2nm in

width.

Similar to a previous report of an-@tceptor DPRolymer)’ PDBPyBTzbased
OFETs demonstrated solelychannel transport withegligible hysteresigFigure 2-20),
and no obvious souredrain current under negative gdimseven when Au electrodes
were used The mobilities were extracted fromethsaturation regimeand theOFET
performance measured for six devices under each processing coridémesentative
transfer and output curves for PDBPyBTz OFET devices biadéed from pxylene are
shown inFigure2-21 andFigure2-22, respectivelyThe average electron mobilitgd of
bladecoatedPDBPyBTzdevices were approximately02 cniV-1s?, with a maximunee

of 0.054 criV-is? (Table2-2).
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Figure2-20 Transfer curve of BGBC OFET device with PDBPyBbfadecoated from
p-xylene solutionpver a gate bias range-&0 V to 80 V wer 20 consecutive potential
sweeps. The scale of the currem) (5 linear as shown here.
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Figure2-21 Representativaansfer curve of PDBPyBTz blagmated from gpxylene
solutionin BGBC OFETunder positive gate bias in the saturation regmoemedin to
show the linearity of theot? vs. Vs curve
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Figure2-22 Representative output curves of PDBPyBTz (bladated from pxylene)
BGBC OFET deices (corresponding to that shownrFigure2-21).
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Figure2-23 Plot of mobility vs. gate bias of PDBPyBTz devices

The mobility is reasonably independent of gate bias over a large voltage range
(specifically the range from which mobilities were extracted), as showigimre 2-23.

This suggests the devices do not violate the assumptions of the gradual channel
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approximation and gives us confidence that the mobilities extracted from the data using the
Schockley equations are reasonably acciffieBelow a gate bias of approximately 35
V, the mobility becomes noticeably dependent on the gate bias as the device enters the sub

threshold regime.
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Table2-2 FET transport properties of PDBPyBTz on ®modified BGBC OFET devicasnder varying annealing temperatures and
processingolvents

ge[cm?V1sY Vr
Polymer Solvent  Annealing lon/lorF

Average Max [V]
Pristine 0.010 + 0.002 0.013 23.1x2.2 10%-10°
100°C 0.019 +0.002 0.022 22629 10%-10°

CHCls
125°C 0.017 £ 0.001 0.019 18.0+1.3 10%-1¢°
150°C 0.017 £0.001 0.019 20.1+34 10%-10*
PDBPYBTz -
Pristine 0.018 + 0.007 0.023 275x1.0 10%-10°
100°C 0.021 £ 0.002 0.027 26.2+15 10%-10°
p-xylene

125°C 0.020 + 0.001 0.023 23.9+25 10-10°
150°C 0.023 + 0.002 0.030 30.5+x35 10%-1¢°
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As shown inTable 2-2, there did not appear to be much difference in OFET
performance between PDBPyBTz devices bledated from pxylene or chloroform.
Additionally, annealing the devices only marginally improved OFET performance,
with no clear trends seen in the averaged datale PDBPYBTz did not show a melting
temperature below its decomposition temperature, the annealing temperatures used were
above theTy (Figure 2-7, Figure 2-8). The annealing results are unusual @wganic
semiconductors, as annealing typically allows the polymer chains to locally arrange
themselves in more thermodynamically favorable arrangements maximizing
intermolecular (interchain) interactions, whiah coincidentally beneficial for charge
transport (e.g. increased crystallinity, increasedénterai n i nt er-acsi aaki ngl

etC) .129' 131

As the reference publications of the analogous PDBPYBT and PDBTz polymers
reported the mobilities of devices of different architectures and mat&tiafsit was
decided that the perforance of these semiconductors in OFET devices (identical to those
used for PDBPyYBT?z in this study) under the same processing conditions would provide for
an invaluable comparison between the three semiconductors. The OFET performance data
for spincoated ad bladecoated devices of the polymers are showi able 2-3 (gate
leakage currents shown Figure A-15). The data was collected from 6 devices for each
processing conditioninterestingly, here were only negligible differenc&s n-channel
performance between spirand bladecoated devices of BBPyBTz In contrast
PDBPyBTzand PDBTzalemonstrated remarkably different performafioesn PDBPyBTz

(Figure 2-24). Both PDBPYBT and PDBTz demonstrated ambipolar behawdereas
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PDBPyBTz was unipolar (nhannel) in the same OFET device structdifggure2-24 and

Figure2-25).
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Table2-3 OFET performance redslof PDBPyBTz, PDBPyYBT, and PDBTz under various processing conditions

€e [cm?V-1is? Vr €n [cm?V-1s?] Vr
Polymer Process Solvent lon/lorr lon/lorr
Average Max V] Average Max V]
CHCl; 0.010+0.002 0.013 23.1+22 10-1C° - - - -
Blade
p-xylene 0.019 £0.002 0.022 226+29 10-10° - - - -
PDBPyBTz
CHCIl; 0.018 +£0.007 0.023 27.5+1.0 10-10° - - - -
Spin
p-xylene 0.021 +£0.006 0.032 23.9+25 10~10° - - - -
CHCl 1656_3;‘;%4 1.9x10° 14.2+9.6 10>-10* ffé’)‘(ll%i 7.5x10* 1'26%81 10-10°
Blade 4.4x10% 4.6x10* -31.9
p-xylene N %.8x105 5.51x10* -37.9+6.3 10>-1C° N é.lxlOB 2.1x10° N 4.é4 10%-1C°
PDBPyBT
CHCl;  0.020 £ 0.007 0.031 -16.5 10* * * * *
Spin
0.065
p-xylene + 7 4%10" 0.031 -18.6+3.9 10*-10° * * * *
PDBTz Blade p-xylene 125?21((11%45 3.6x10* -6.24+15 1¢7 * * * *
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Figure2-24 Representativeamnparison of transfer characteristics of the BGBC OFET
devices fabricated by sprpating solutions of PDBPyBTz (left) and PDBPyYBT (right)
from CHCE (top) and pxylene (bottom) solutions.
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Figure2-25 Transfer characteristics of PDBPyBT (top) and PDBTz (bottolisde
coated from pxylene, with direction of the bias sweep noted with red arrows.

PDBPyBT bladecoated from pxylene had an average of 4.4x10* cm?V-1s?,
while PDBTzdeposited under the same conditions had an avetagfe2.2x10* cn?V-is
1 poth these values are two orders of magnitude below that seEBDBIRYBTz OFET
devices fabricated with both PDBPyBTz and PDBTz exhibited séwsteresis, as can be
seen in the transfer curvefigure 2-24, Figure 2-25). The changes in the device
performance with each consecutive sweep of the gate bias was similar for both PDBPyBT

and PDBTz.
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Figure2-26 Example bias effects shown for six consecutive gate bias sweeps of an
OFET device with PDBPyBT bladsoated from pcylene. The direction of the voltage
sweep is indicated withlue arrows.

The bias effects can be seeifrigure2-26, in which the hole current increases with
each consecutive cycle witlisibly obviousincreases in the slope of the'f curve (from
which mobility is extracteld The holecurrent ¢ shifts in an increasingly positive
direction with each potential sweep in the direction of -gpis. Conversely, the electron
current decreases with eachtgntial sweep, but this change in current is much smaller
than that seem the hole current. These bias effddtsly indicate the trapping of electron

charges(Figure 2-27), as it islike the chargdrapping effects described by Okadadti

a|.63,64
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Figure2-27 a) Distribution of induced mobile holes along the activenaleain a non
ideal transistofa typical OFET under a negative gate biasthe saturation regime
during the first potential swedpefore any electrons are injeckel) the same device in
asubsequent potential sweep under negative gate bias, where trapped diegpacias
while device was under positive gate bimerease the number of injected hdlesatisfy
charge neutralityFigure adapted from referentée

In the first potential sweep starting at a negative gate bias, only holes are present as
the mobile charge carriers until the potential is swept past ¥ and under positive gate
bias, wten electrons are then injected as the majority charge carriers. Electron traps present
in the active channekffectively dope the channel anthuse nosideal transistor
characteristics as excess mobile holes are then injected to maintain charge nduteality
current limitations normally present due to the phothpoint are further reduced with
each potential sweepigure2-27b), further increasing the measured drairrent. These
effects would explaithe increasing hole current and the increasingly positive shifts of V
for this hole current with each potential sweep. For these reasons the hole mobilities were

not extracted for PDBPyBT and PDBTz devi¢dsnoted by th asterisks iTable2-3), as
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the discrepancies of thet\across the active channel violates the assumptions of the

Schockley equation, which precludes reliable hole hitglixtraction®2132

It is interesting that the polymer with the highest estimated frontier energy levels
(and hence the least efficient electron injection with Au contaEtgli(e 2-18) was the
only polymer that demonstrated solebgimannel transport. As all the devices in this study
were fabricated simultaneously under the same conditions, it is speculated tkedsle
specific toPDBPyBTzare the source of the unipolar charge transport. Bithiazole has been
reported to form complexes with Lewis acitfisand it ispossible that such interactions
may be occurring with the BTz moieties RDBPyBTz and the hole charge carriers,

effectively blocking hole transport.

2.3.4 Thin Film Morphology and Microstructure

The surface morphologies 6fDBPyBTz PDBTz and PDBPyBT films blade-
coated onto OT$nodified Si-substrates were characterized using tappioge atomic
force microscopy (AFM)Nornrannealed films bladeoated from bothqxylene and CHGI
solutions of PDBPyBTzappear toexhibit similargranularmorphologies(Figure 2-28).

The similarity in the surface morphologies is consistent with the similarity in OFET device
performance parameters observed between films cast from thedwents, as film
morphology is known to have a profound influence on charge transport prop&rtiés.
Upon annealing, the PDBPyBTz film cast frorxylene forms a more interconnected
structure, whereas the film coated from chlorofdraa no discernable morphology (apart

from what is presumably deposited aggregates).
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Figure2-28 AFM images of PDBPyBTz devices bladeated from pxylene (left) and
CHCls (right) onto OTS18 modified Si/Si@substrates. Pristine substrates are shown in
the top row, while those annealed at #6for 30 minutes arghown in the bottom row.

AFM images of pristine PDBPyBT and PDBTz devices bledated from pxylene

can be seen iRigure2-28. The PDBTz film appears to have smallrbibs structures.

% Images taken by Dr. Michael McBride
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Figure2-29 AFM images of pristine PDBPyYBT (top row) and PDBTz (bottom row)
devices bladeoated from pxylene onto OTSL8 coated substratés.

0 1mages taken by Dr. Michael McBride
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Figure2-30 GIWAXS line cut patterns of bladeoated PDBPyBTz thin films on OFS
modified Si/SiQ substrates.

To investigatd?DBPyBTzchain packing, we carried out tveddmensional grazing
incidence wideangle Xray scattering (2B5IWAXS) on bladecoated films cast from-p
xylene onto OTSnodified Si substrates (300 nm Si@ielectric on heavily mloped Si)
(Figure 2-30; x-ray scattering patterns shown kingure A-14). An isotropicring can be
observed a2 & ~ 2% corresponding to a-spacing 00.417 nm(4.17 A), which is on the
order typisdalc ko fnThé sdaktesirig antercsiges of thimg are similar in
magnitude in both thenp0] and [&O] directions.The welldefined diffraction peaat2 d
= ~ @ corresponding to a-gpacing of 2.11 nm (21.1 A) is attributed to highly ordered

lamellar dspacing between the polymer chasrsd is of hgher intensity in thghOQ
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direction than th¢0kQ] direction. Thg20(Q peak a2 & ~ 1T indicates a higher order of
lamellar spacing between theo2tyldodecyl sidechains separating the polymer chains.
Her mands or i e wasadlculated tqpaatify dhe eriengation distribution of
the firstorder lamellar stacking peak ([10@hd resulted in a8 valueof 0.46, indicating

a mainly edgeon orientationt>’ Such an edgen orientation is conducive to -jriane

chargetransport mobilities, such as those measured in OFET de¥tces.

2.4 Summary and Conclusions

A semiconducting polymer, PDBPyBTz, was synthesized usingltkecceptor
design strategy using Stille microwave <cCcoOf
bithiazole and bispyridinyl diketopyrrolopyrrole moieties. A high electron affinity of 3.87
eV was estimated from electrochemical potentials, which is giogfor stable fthannel
OFET device operation. Spectral properties include a low optical bandgap of 1.47 eV and
a ma0f 656 nm for the material in thiflm form. BGBC devices fabricated using blade
coated PDBPyBTz active layers demonstrated unipelaramnel charge transport, with
electron mobilities reaching 0.02 éwi’s™. That the IP and EA values of PDBPyBTz were
lower (which corresponds to frontier levels higher in energy) in comparison with the
analogous PDBPyBT and PDBTz copolymers comprisedare electrofrich monomers
was a surprising result, which highlights the need to consider orbital parity and
wavefunction distribution between component units in polymeric semiconductors in
determining structur@roperty relationships of product matesiabnd compatibility
between candidate monomer paltsemains unclear why PDBPyBTz exhibited unipolar
n-channel charge transport while the analogous PDBPyBT and PDBTz had ambipolar

charge transport despite both having lower frontier energy levels thBRYHTz, but
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further investigation into the nature of the charge traps present in PDBPyYBT films would

likely clarify these surprising results.
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CHAPTER 3. NANOFIBER GROWTH OF NAPTHALENE -
DIIMIDE POLYMERIC SE MICONDUCTORS IN BLAD E-

COATED THIN FILMS

3.1 Introduction 11

One ofthe main drivers for the pursuit of organic electronics is the solution
processability of the active component materials, which has the potential to reduce
manufacturing costs, enable largieea fabrication processes, and increase the variety of
suitable sibstrates relative to their inorganic counterpatté14! Solution deposition
techniques incluelinkjet printing, spircoating*? 14, brushpainting*6, dip-coating*’:148
and bladecoating*¥ 11, among othersThe deposition method has a profound influence
on the morphology and alignment of semiconducting polymers within thin films, and hence
the charge transport characteristics of the devices that are pidétite Understanding
the relationships between processing, morphology, and the resulting OFET performance of
a polymer and how it relates to the molecular structure is of critical importance in the

improvemaent of both the performance and reproducibilitydefvicest3>153 157

The most commonhusedlaboratorymethod of depositing polymer solutions for
thin-films is spircoating however this methodwasteful of materials and not amenable
to commercialscale largearea deposition of homogenous filmesnd more efficient

deposition strategies are needed for indussgale application$*In contrastthe blade

1! Reproduced in part from Yuan, Z.; Buckley, C.; Thomas, S.; Zhang, G.; Bargigia, I.; Wang, G.; Fu, B.;
Silva, C.; Bredas, J. L.; Reichmanis, Macromolecule®018,51, 7320-7328. Copyright 2018, American
Chemical Society.
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coating method is not only more efficient in the use of materials but is also more easily
scaledup from laboratory optimation to highthroughput and largearea
processing:1401%81¥For these reasons, bladeating was chosen as the processing
technique for evaluatg the mobilities in our studies of polymeric semiconductors for n

channel OFET devices.

The bladecoating procestself is simple, consisting of a blade dragging a polymer
solution over a substrate surface, leaving a thin layer of solution whichtdrieave a

polymeric thin film as the solvent evaporatEg(re3-1).

substrate

-— e

Figure3-1 Schematic of théladecoating processwith relevant parameters defined at
top

The thickness of the filmH, Figure 3-1) is determined by the velocitg)(of the
blade At lower velocities, the polymer solution is concentrated at the blade contact as the
solvent evaporates at the surface of the meni@ausnn as the evaporation regiméy

faster velocities, the polymer solution is dragged out by viscous forces ancitieiettie
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film is formed (known as the Land&evich regime):>*1%°The final film structure is
determined by the drying conditions, which in turn i¢aator of the solvent and the

substrate temperature.

CioHz4

PNDI2Tz S NDI20D-T2

C1oH21

Ci2Hzs

Figure3-2 Molecular structures of PNDI2Tz (left) and PNDI2A12 (right), with their
reported backbone torsional angles noted in red.

While preparingdevices to study the OFET characteristics of PNDI2Fgyre 3-2),
interesting morphological features were noticed on btamdeed films deposited on heated
substratesAdditionally, it was noted that the highest mobility PNDI2Tz devices were on
octadecyltrchlorosilane QT9-modified substrates. This chapter will describe
investigations into observed nanofiber formation of the PNDI2Tz polymer (synthesized by
Dr. Zhibo Yuan and characterized as part of a joint collaboration with the atAhts?).
Similar processing studies were performed in parallel on the structurally similar
PNDI20D-T2 (synthesized by Carolyn Buckley) to look for similarities in fflonming

behavior.

3.2 Experimental

3.2.1 Materials and Methods
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All reagents and solvents were reaggrade purchased from commercial sources
and were used as receive@hloroform, dichloromethane, tolueng;xylene (PX),
isopropanol (IPA), tetrahydrofuran (THF), dimethylformamide (DMF), atenzene,
1,2-o-dichlorobenzene(o-DCB), 1,2,4trichlorobenzene (TCB) were purchased as
anhydrousgrade solvents from Signraldrich. THF was purified in a Mbraunsolvent
purification system NIB-SPS800-AUTO). 2-Bromothiazole was purchased from
Scientific Matrix. Tetrabutylammonium bromide-BusNBr), n,n-diisopropylethylamine
(DIPEA), diisopropylamine (DIPA), palladium(ll) acetate (Pd(OCAc)
tris(dibenzylideneacetonelipalladium(0) (Pg(dba}, tri(o-tolyl)phosphine (Ro-tolyl)s),
sodium diethyldithiocarbamate, and tetnebutylamminium hexafluorophosphateny{|
BuwN][PFs]), and ethylene glycol (EG) were purchased from Sigvamich. N-
octadecyltrichlorosilane (OTS), phenyltrichlorosilane (PTS), and hexamethyldisilazane
(HMDS) was purchask from Gelest, Inc. Silica gel was purchased from Sorbent
Technologies (Premium Rf, porosity: 60A; particle size: 4675 em). Anhydrous

chlorobenzene was degassed prior to use via a fmenpthaw process

77



CgHiz  NBS, TPP CgH17
—_—
HO vy Br 100%
CypH CqoH
wH21 o Ry 1 10H21
0
DMF 0O
CgHq7 - F —_—
Br\/k * N K 90 °C N CgHiz 91%
C1oHas overnight
0 g o ) C1oH21
Hydrazine (51%) CaH
o MeOH ENT 930,
N G ——— Cank-
a5 uC H)N 10M21
0 C1gHz1 3
X
Cl _Cl
“NTUN KBr Br\ Acetlc Acid
@
OANAO %\@)% Oe 130 °c
Nga 1.5 hrs
100% 4
CgHq7
0] 0] O
Cszw)ﬁ
Br Acetic Acid
cetic Aci
HoN - Crobar Oe 15h Br 26%
\_< Br o
CgH17 90 °C
0 0 0 Br
(0] N [0]
C1oHa1
6
CgHy7
S 1. n-BuLi
| 7 | THF MesSn s
Vs - | 72 | 76%
S 2. MesSnCl Y S
SnMe;

100%

Figure3-3 Synthetic scheme for the monomeric components of PND{ZQD

3.2.1.1 Synthesis of 9bromomethyl)nonadecant)(

Triphenylphosphine (21.06 g, 80.3 mmol) was dissolved in DCMr(6Pat room

temperature underaN2-Octyldodecanol (2@, 66.9 mmol) was added via syringe, and the

reaction mix brought to @C. N-bromosuccinimide (14.30 g, 80.3 mmuaias added slowly

to the reaction mix, with care taken to not allow the reaction temperature to exciad 30
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After addition was complete, threaction was allowed to continue to react &C(or 30
minutes before warming to RT. The solvents were then removed, and the orange residue
diluted with hexanes, and passed through a silica gel plug which was then washed with
more hexanes. The solvenasvthen removed to give a colorless(hill conversion).*H

NMR (CDCl, 300 MHz)ii3.45 (d,J = 4.7 Hz, 2H), 1.59 (m, 1H), 1.27 (s, 32H), 0.88)(t,

= 6.7 Hz, 6H)H NMR spectrum matches the literatueport'®2 The pectracan be found

in Appendix FigureA-10).

3.2.1.2 Synthesis of 42-ocyldodecyl)isoindolinel,3-dione @)

9-(bromomethyl)nonadecari£0.0 g, 27.6 mmol) and potassium phthalimide (6.14

g, 33.1 mmol) were added to 30 mL dimethylformamide undeard stirred overnight at
100 °C. The reaction mix was then allowed to cool to RT and poured int® @ifd
transferred to a separatory funn€he product was extracted with DCM (3 x 10 mL),
washed with 0.2 M KOH (2 x 25 mL), dB (8 x 25 mL), and saturated ammonium
chloride (2 x 25 mL). The collected organic fractions were dried over MgB8@purified

via column chromatography (silica gel, DGMient) to obtain the product as a light yellow
oil (91% vyield). *H NMR (CDCb, 300 MHz)ii7.87%-7.77 (m, 2H), 7.75.64 (m, 2H) 3.56
(d,J=7.3 Hz, 2H), 1.87 (s, 1H), 1.23 (s, 32 H), 0.86 &,6.7 Hz, 6H)H NMR spectrum

matches the literatureport'®2 The gpectracan be foundn Appendix FigureA-9).

3.2.1.3 Synthesis of Ddctyldodeglamine B)

N-(2-decyltetradecyl) phthalimide (14.99 g, 35 mmol), hydrazine hydrate (5.13 mL
51%, 105 mmol), and 100 mL of MeOH were stirred a&t®@and monitored byLC. After

the disappearance of the starting imide, the methanol was removed and the residue diluted
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with 100 mL DCM and washed with 10% KOH (2 x 50 mL). Aqueous layers were
combined and extracted with DCM (3 x 20 mL) and dried over Mg3$®e removal of
solvents afforded a yellow oil which was used in the next synthesis without further
purification (93% yield) *H NMR (CDCk, 300 MHz)li 2.60 (d,J = 3.5 Hz, 1H), 1.26 (s,
36H), 0.88 (tJ = 6.7 Hz, 3H)H NMR spectrum matches the literatueport®? Spectra

in Appendix FigureA-11).

3.2.1.4 Synthesis of Potassium Dibromoisacyirate 4)

Sodium dichloroisocyanurate dihydrate (66 g, 230 mmol) was dissolved in 600 mL
of dH20. In a separate flask, potassium bromide (71.4 g, 609)mvas dissolved in 1500
mL dHO. The dichloroisocyanurate solution was then added to the solution of potassium
bromide, and mechanically stirred for 15 minutes (caution: solution becomes very viscous
as white precipitate forms). The reaction mix was tfikared, the white precipitates
washed with d&O, and dried under vacuum overnighhe productwasused inthe next

step with no characterization.

3.2.1.5 Synthesis of 2 &libroma1,4,5,8tetracarboxynaphthalenediimids) (

Naphthalene dianhydride (9.9937.3 nmol) and potassium dibromoisocyanurate
(26.65 g, 82 mmol) was added to 300 mL sulfuric acid (12 N) and brought°@ @&der
N2 to react overnightThe eaction mixwasallowed to cool, poured into ice water and then
filtered, washed with dkD, and driedver high vac to yield 19.12af ayellow solid full

conversion)H NMR (ds-DMSO, 400MHz) Spectra in AppendixdigureA-12).

3.2.1.6 Synthesis of €@Ci0-Alkylated NDI (6)
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2-octyldodecylamine (18.21 g, 61.19 mmol) and the dibrominated naphthalene
dianhydride (6.5 g, 15.29 mmol) was added to 200 mL acetic acid (12 N) anddeat
130°C for 1.5 hours. After cooling to RT, the reaction mix was poured into cold methanol
and filtered, then washed with MeOH and dried under high vac to give bright red solids.
The poductwaspurified via column chromatography (silica gel, 4%@M/Hexane¥to
yield yellow solids(26% yield). Spectra in Appendix{gureA-13). *H NMR (CDCk, 400
MHz) 118.99 (s, 2H), 4.14d( J = 7.3 Hz,4H), 1.97(m, 2H), 1.40-1.17 (m, 64 H), 0.86 (m,

12 H). 'H NMR spectrum matches the literature repbtt.

3.2.1.7 Synthesis ob , -bightrimethylstannyl2 , -Bithiophene 1)

2 , -Bithiophendg2 g, 12.02 mmol) was added to anhydrous THF (100 mL) at room
temperature underNand allowed testir for 15 minutes to dissolve before cooling 18
°C. A solution of nBuLi (10.56 mL 2.5 M hexanes, 26.4 mmol) was added via syringe at
-78°C, thenthereaction flaskvasallowed to reach room temperature and stirred at RT for
1 hour.The eactionwasagain cooled to 78C, and solution of trimethyltin chloride (5.27
g, 26.4 mmol, in 10 mL anhydrous THWas addedthenthe reaction mix waallowed to
warm to RT.The eactionwasstirred for 5 hours at RT, then the reaction masdiluted
with EtOAc, washed with d(kD), then washed with brine, dried over MgSfitered, and
the solvent removedRecrystallization in methanol yieldeld49g of lightyellow crystals
(76 % vield).'H NMR (300 MHz, CDGJ) 117.28 (d,J = 5.3 Hz, 2H), 7.09 (d] = 3.4 Hz,
2H), 0.38 (s, 18 H)*H NMR spectrum agrees with literature d&tdSpectra in Appendix

(FigureA-8).

3.2.1.8 Polymerization of PNDI2OE 2
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Figure3-4 Reaction scheme for the polymerization of PNDI2DD

A Stille polymerization was performed using sastmmdesigned continuous flow
chemistry apparatt/ for increased control of molecular weight and minimization of
polydispersity. The system consists of a KB® Legacy syringe pump, ISCO 260D high
pressure syringe pump system, a perfluoroalkoxy (PFA) tubular reactor of 20mersed
in a heated oil bath, an Eldex Optos model 1 high pressure liquid metering pump,-and a 4
way valve. The entire flow system was pressurized with a-peedsure regulator of 40

psi from Upchurch Scientific.

A microwave reaction vial was charged lwit 5Bisftrimethylstannyb2 , -2 6
bithiophene (99. 9 mus(2ocyldodecylhbalibromorsphthaleNe N 6
1,4,5,8bis(dicarboximide) (200 mg, 0.2 mmol) and transferred to afilldd glovebox.

A separate microwave reaction vial was then equippigh Pa(dba} (5.58 mg, 3 mol%)

and p(eTol)z (7.42 mg, 12 mol%). Each vial was then equipped with a magnetic stir bar
and 5 mL chlorobenzene and allowed to stir for 10 minutes to dissolve under N
atmosphere. The catalyst and monomer solutions wereplaeed in separate syringes,
and quickly transferred to the flereactor apparatus. The reaction was then set to flow at

2 mL/min in a prenheated oil bath at 12@C for a total reaction time of 45 minutes. The
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reaction mixture was then precipitated in W, and blue solids were filtered into an
extraction thimble and the polymer purified via successive soxhlet extractions in MeOH,
acetone, hexanes (24 hours each) with chloroform used as the final extraction solvent. The
chloroform solution was concentrdteand precipitated again in methanol. Vacuum

filtration collected a blusolid. M 51,095, My 67,071,n 1.3

3.2.1.9 Molecular Weight Distribution

Chromatogram report

Header

Title Data acquisition date and time  2017/02/27 17:27:58

Sample name

MN2200 Carolyn

Calculation date and time

2017I02/27 17:29:18

Database name 2017-02-27.chd Acquisifion time [min] 10.000 - 42.000
Data name RSLT0002 Sampling interval [ms] 100
Method name Calibration 10142016 Cup number 2
Channel RI Calculation type Molecular Mass
[mV]
= . i M
goool ey N N —
S i |
. | | :
| L |
-50.000 H |
] I '
I :
T T T |
10.000 20.000 30.000 40.000
[min]
Molecular mass calculation result (Rl)
Peak 1 Basa Peak
[min] [m\] [mol] Mn 51,085
Peak start 16.453 0.248 356,470 hhw 67,071
Peak top 18.588 13.781 47,519 Mz 91,818
Peak and 19.467 0.297 21,017 Mz+1 123,194
Mv B7,071
Haight [mV] 13.478 Mp 47,519
Area [my*s] 1210.433 Mz /W 1.366
Haight¥ [%] 100.000 MM 1.313
[eta] 6707100731 Mz +1iMw 1.837

Figure3-5 GPC characterization of PNDI2GTR in 1,3,5trichlorobenzene at 13C*?

3.2.2 Preparation of Substrates and Processing of Thin Films

2GPC done by Dr. Bing Xu
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Glass substrates for thfilm UV -vis analysis,p-doped Si wafers for GIWAXs
studies, and OFET device substrates were passivated identical procedures, with the
exception of the OFET devices first being sonicated in a toluene bath for 60 minutes to
remove residual photoresists. Passivated substrates were prepared by sequential rinsing in
acetone, MeOH, IPA, then dried underflaw of N> prior to UV-ozone treatment
(Novascan® PSEYU 1 Benchtop UVOzone Cleaner). The slides were then immediately
transferred to anhydrous surface modifier (OTS, PTS, HMDS) solutions (0.1% v/v in
toluene) under Natmosphere for 14 hours at room tergiure. The substrates were then
removed from the surface modifier solutions and sonicated in fresh toluene for 30 minutes
(Branson® Ultrasonic Bath, 230a¥ 50 Hz), followed by sequential rinsing in acetone,
MeOH, and IPA, followed by drying under aedm of compressed air (filtered to remove
oil and moisture). Gntactangle measurements on surfawedified and pristine substrates
were measuredwithaRamlart Goni ometer (ModeHO&80), u:
ethylene glycol (EG) individually measd at different sites on the substrates. Final

sur face f r)evere calculatedgaccerding (o the Owalisndt method®

Highly n-doped (100) silicon wafers with 30m thermally grown oxide gate
dielectric films were used as substrates to prepare batdeibottorrcontact (BGBC)
OFET devices. Au source and drain contacts (50 nm Au, 3 nm Cr adhesion layer) with
fixed channel di mensi ons \ebeOepeosited visRdbeame ngt h ,
evaporation using a photolithography -liftf process. The devices were sonicated in
toluene for 60 minutes to remove residual photoresist before the surfaces were passivated
using the procedures described below. The capacitasfcdse dielectric layers were

measured using an Agilent 4284A Precision LCR meter.
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Thin films for OFET devices and GIWAXs characterization were btaaed onto
the substrates using anhiwuse blade coater equipped with a glass blade and temperature
controlled heating stage. Blade coating speeds were programmed and controlled by a
DMX-UMD 23 motor from Arcus Technology. Blade height was controlled to be within a
rangeof4s65 e m, and bl adéz+1 Rayimer soltrss wareedissolvesl b e 8
in p-xylene or chloroform (8.0 mg/mL) to prepare the active ink. Substrates were heated
to 45°C for the coating of chloroform polymer solutions, and to 300for p-xylene
polymer solutions. 8 0 €L of active ink pol ymeated sol ut
substrates (1.5 cm x 1.5 cm) immediately prior to blemting. Films were placed in a
vacuum oven at 5% overnight to remove residual solvents. The morphology of the films
were analyzed using atomic force microscopy (AFM, Bruker Dimension Icotm@ni&
Force Microscope with ScanAsyst, MlIkromasch® AFM probe tips, 3.5 N/m, 135 kHz),
scanning electron microscopy (SEM, Hitachi SU82363HM), and grazing incident-X
ray scattering (GIWAXS, Beamline 43 at Stanford Linear Accelerator Center National

Accelerator Laboratory, Stanford University).

3.3 Results and Discussion

3.3.1 PNDI2Tz and PNDI20OB2

Gel permeation chromatography with polystyrene standards was used to determine

the molecular weights of the polymers used in this study. PNBi2¥s found to have an

13 Synthesis and thermal characterization of PNDI2Tz was performed by Dr. Zhibo Yuan. Details can be
found in the cited references.
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Mn of 49.3 kD with a polydispersity (PDB) of 3.312>1¥1PNDI20D-T2 was similarly

found to have an Wof 53 kD and & of 1.3 (Figure3-5).

Thermogravimetri@analysis of PNDI2Tz revealed a decomposition temperature of
427°C 1% Differential scanning calorimetry revealed@of 63.71°C, however no other
thermal transitions were seen betweeR50 °C.22>161 nterestingly,PNDI2OD-T2 was
reported to havao thermal transitions up to 30€.2% It is important to notehat a
measuredly is not a physical constant of a material but is dependent on experimental
parameters such as heating/cooling rates and the processing history of the particular
sample'® The reported DSC scans of PNDI2fZzand PNDI20OBT2% that are being
compared were both run undée same condition@otably at the same scan rate of 10
°C/min), however it is likelythat he observed differences are due to different degrees of
crystallinity between the two samplddore crystalline polymer samples may not have
enough amorphous contdntgenerateletectable changes in heat capacity forTiji be
observed, and hence wilppear as not having &.'%® PNDI2Tz thermal analysis was
performed after purification, with no intentional processing beforehand. Prior processing
of the PNDI20ODT2 sample used in the reported thermallgsis was not mention&l,
however the multiple reports on the tendency of PNDIZI2Dto form crystalline
structure&®”%8leads to the speculation thaturfiicient amorphous content was the reason

for the lack of arobservedry.

3.3.2 Solution Processing of OFHJevices
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Beforebladecoating the processed solutiossntact angle measurements
were taken on the passivated substrdfegure 3-7) to determine the surface

energiegFigure3-6).
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Ethylene Glycol

Figure3-6 Contactangle meas@ments orHMDS, PTS, and OT9assivated surfaces.
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Figure3-7 Surface modifiers used to passivate the SiSi®faces™

Table3-1 Contact Angle Results with calculated surface energies
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Surface

Water f) EG () 2 d % p 2s(mJ/n)
Modifier
HMDS 68.38 48.08 18.68 17.09 35.77
PTS 80.23 57.88 9.75 18.88 28.63
OoTS 99.13 74.20 2.01 19.98 21.99

Blade coatinghe polymer solutions (either PNDI2Tz or PNDI2aR) at room
temperature resulted in completewlettingon OTS surfaces, and poor film formation on
PTS and HMDS surface€omplete davetting was also observed during attempts to-spin
coat the polymer solution@ll surfaces)Polymer thin films were only observed in the

bladecoating process when the substsawere heated to elevated temperatures.

The coating stability is determined by the wetting characteristics of the solution on
the substrate. For a polymer solution to 0\
must be lower than the surfagen er gy of t he substrate (known

However, surface tension varies with temperatbrgufe 3-8).

14 Contact angle measurements and calculationg ¢y Dr. Zhibo Yuan
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Figure3-8 Plot of surface tension ofyylene vs. temperature. Data fréf

From the plot shown irFigure 3-8, the surface tension of-xylene at room
temperature (298 K) is 27.90 m¥/rMaking the simplifying assumptions that the surface
tension of the polymer solution is that oixplene and that the surface energy of the
substrate does not change with temperature, it can be said that the wetting conditions are
not met at 298 K for OTSurfaces, which would explain the completwetting. The
differences in surface tension between the polymer solutions and the HMBSTS
coated substrates at 298 K would lead to partiaketing, and hence poquality films.

It is likely that the centripetal forces present during the smating procesgurther
deteriorated the poorly wetted films, which would explain why no film formation was seen
upon spin coatingAdequate film formation on OTS substrates was only observed at
temperaturesfal00 °C and above. At this temperature (373 K), the surface tension of p
xylene is 19.81 mJ/fawhich is just below the surface tension of the @b&ted substrate

(Table3-1). Coating at temperatures above 2GQroduced noitnomogenous films, as the
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solvent evaporated too quickly. Whilexglene has a boiling point of 13872, the small
amount of polymer solution evaporates quickly due to the relatively large surface area of
the drop/film.The speed of evaporation of the solvensatutiondeposited thin films of
conjugated polymers has been shown to have a correlation with the crystallinity of the
resultant filmst’? In order to balance the tirdependent crystallization of thiiims with

the need to wet the substrate, the temperatures used in depositing the thin films did not

exceed 100C.

3.3.3 Morphology of ThirFilms

Differences in the morphology and molecular orientation of conjugated polymer
films upon surface passivation have been reported in the literature, highlighting the
sensitivity of thinfilm formation on substrate surface chemistry and the effectharme
carrier mobility?”®17# In poly (25-bis(3-dodecylthiophen-yl)thieno[3,2b]thiophene)
(PBTTT), substantial increases in the orientational order, size of crystalline terraces, and
higher charge carrier mobility was reported upon hydrophobic surface treatment with OTS
8 compared with thavbserved on bare silicon oxid€.Wanget. al. reported different
microstructures of PBTTT films dipoated onto bare Aplasmacleaned Si@and base
monolayes of PBTTT, which they attributed to the different surface tensions of the
substrates’® Notably, PBTTT was found to sedissemble into needlike fibers
(thickness 46 nm) on the lowenegy PBTTT base monolayers, with decreased coating
speed leading to increased surface coverage of the initial monolayer and longer nanofiber
nuclei of subsequent layers (thickness did not chatifi).contrast, their later studies of
dip-coated films of PNDI2OBI2 on Q/plasmacleaned Si@ found the formation of

fibrous microstructures to be independent of pulling speed and the presence of a base
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monolayert’’ Considering the similar surface tensions of PBTT and PNDHQ[it was
ratioralized that the different microstructural formation patterns under similar processing
conditions can be traced to the differences in molecular structure of the polymers (e.g.
backbone planarity and alkyl substituerit¥)Changes in the surface energies of substrates
results in changes in the growth éblymer film morphology from soluticdeposited
systems, as the adhesive forces from the substrates compete with the polyasseselily
process. Bucellat. al.later corroborated these results, showing PNDIZI2ilms spin

coated from dilute mesitylensolutions showing connected branched aggregate formations
on O/plasmatreated SiQ@ surfaces and detached, quaB nanodomains on
hexamethyldisilazane (HMDS})reated Si@ surfaces’® In light of these reports, it was

decided to experiment with surfaneodified substrates with PNDI2Tz and PNDI2QR.

AFM images of the bladeoated thin films of PNDI2Tz andNDI20D-T2 were
taken to investigate the surface topologiEse evolution of the thifilm morphology of
PNDI2Tz bladecoated onto OT8oated substratest increasing blade velocitiesn be
seen inFigure 3-9. At 1 mm/s, no clearly defined morphology can be seen. However,
defined morphological features can bbservedat higher velocities, with decreasing

surface roughness of the films seen when velocities are increased.

At 2 mm/s there is a clearly defined network formatishich appear to be bundles
of fibers when looking at the height profile of the filligure 3-10). The smallest fiber
widths that could be seen on films coated at 2 mm/s are 1@itinm what are presumably
bundles off these fibers of widths varying from 38 nm to 164Kigure3-11). Theheight

variation of these bundlem the surface of the filns between 1 and 2 nrithe surface
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does not appear to change upon annealing, however the surface roudthestios

increased from [Rof 0.836 nm to Rof 0.990 nm.

At 3 mm/s, finely structured nanofibecan be seen, which appear to again be
hierarchicallybundled fibers in the height profile of the filfigure3-9, Figure3-10). The
smallest fiber widths that could be seen on PNDI2Tz films coated at 3 mm/s are 2 nm,
which againappear to be arranged in bundles of increasing wiglththe surface of the
film. The widths of the bundles are8nm on the surface of the film, and interestingly
appear more clearly defined that the bundles seen in the films coated at 2Itnis/s.
difficult to determine the lengths of the fibers, as the boundaries (start, end) of each fiber
arenot clear from the AFM imageBiterestingly, théneight variation of the surface of the
films coated at 3 mm/s apged to occur in increments of ~0.686 (Figure 3-11), with
larger heights being multiples of ~0.33 nifhis is suggestive of the stacking of a
morphological motif within the thin filmA loss of resolutions seen in the AFM images
upon annealing, with an increase in surface roughness fiah@®435 nm to Rof 0.595

nm.

PNDI2Tz films coated at 4 mm/s on O‘E8ated substrates appeared t@lmore
dense network of fine fibergigure 3-9), however specific structural features cannot be
seen in the height profiles of the filnfsigure3-10) and the fibers are not as well defined
as those seen in the films coated at lower velocifidser e appear to be O0h
on the order of 10 nm in the height image of the pristine however in the corresponding
phase i mage appears these Ohol esé6Figugpear t

3-9). A more clearly definednterconnected networformation can be seen on the films
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after annealing, with a slight increase in surface roughness fgaoh R61 nm to R of

1.89 nm.

At 5 mm/s, PNDI2Tz coated onto OrBodified substratesF{gure 3-12) had
consistently poor film formation. Notably, the nanofiber networks seen at lower velocities
are not seen in films coated at 5 mm/s, which only show discontinuous coverage of the

films.
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PNDI2Tz - OTS

2 mm/s 3 mm/s

Pristine

Annealed

Figure3-9 AFM images of PNDI2Tz substrates blacleated onto OT-80ated substrates
atincreasingvelocities®® Annealed films were heated to 18D for 30 minutes under N

BAFM i mages taken by undergraduate researchers,
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Pristine PNDI2Tz on OTS
3 mm/s

4 mm/s

Figure3-10 Height analysis of PNDI2Tz films blaemated onto OT8oated substrates
at increasing velocities.
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Figure3-11 Height analysis of pristine PNDI2Tz bladeated onto OT8oated substrate
at 2 mm/s (top) and mm/s (bottom), with widths of fiber formations shown.
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Figure3-12 AFM images of PNDI2Tbladecoated onto OT#nodified substrates at 5
mm/s, showing poor film formation.

Less defined structural featuresng present in the AFM images of PNDI2Tz films
bladecoated onto PT-8oated substrate§ifure 3-13). At films coated at 1 mm/s, there
are nodiscernable morphological features, similar to that observed for-cdated
substrates at the same velocity. At 2 mm/s a network structure can beifieéme height
profile of the film similar to that seen on OT®ated substratet 4 mm/s velocityKigure
3-14). Oddly, no definable features could be seen in filoaed at 3 mm/s on PTated
films. At 4 mm/s, the AFM images do not appear to have any morphological features
howeverthe height profile appears to hapackingstructure like that seen in the OTFS

coated substrates at 3 mrfifsgure3-14).
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PNDI2Tz - PTS

Blade
Speed
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Pristine

Phase

Height

Annealed

Phase

Figure3-13 AFM images of PNDI2Tz bladeoated onto PT-8o0ated substrates at
different velocities® Annealed films were heated to 180 for 30 minutes under N

BAFM i mages taken by undergraduate researchers, inc
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Figure3-14 Height analysis of PNDI2Tz films blaemated onto PT-8oated substrates
at increasing velocities.

No definable features were obged on HMDScoated substrates at any velocity,

andthe films appeared to be of very poor quality under AF\d\re3-15).
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PNDI2Tz - HMDS
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Figure3-15 AFM images of PNDI2Tz bladeoated onto HMDSoated substrates at
different velocities.’
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Figure3-16 a) GIWAXS image of PNDI2Tz thin films on HMDS, PTS and OTS
processed Sigsurfaces; b) 1D line cut along chi = 4&ith zoomedin plot ong; = 0.6 ~
1.8A% €) st acki ng -yplaie (chiE @ to zdxis (ohir= 98°).Y7

GIWAXS profiles of PNDI2Tz films presented (100) reflection peaks along the
out-of-plane },) direction, corresponding to polymer lamellar stacking oriented normal to
the substratéFigure3-16'%). However, haldike patterns are apparent along the azimuthal
angle at the (100) peak in HMB&8nd PTStreated substrates, indicatingpre isometric
distributiors of polymer orientations within the filt{®18°The OTStreated substrates had
the strongst intensity (100) peaks. The calculated average (@&Macing for high
temperature bladeoated polymer films on OF8eated surfaces was 24.74 A, which was
slightly smaller than the 25.86 | obtained
stacking (010) peak afj = 1.623A is in the film normal direction alorg for the OTS
treated substrateorrespondingta -~ st acking di stance of 3. 87
for the PTStreated substrate is of overall much lower intensity than that for, @ a0

has its highest intensity aloimg Two overlappingpeaks inthé-" st ac ki ng

It should be-"notteac ki mgt didneOaSmodfiedo f 3. 8
surfaces is (roughly) the size of the incremental height variations seen in the heigght prof
of PNDI2Tz on OTSmodified substrates coated at 3 mnigyqre 3-11), which were
multiples of 0.33 nm. This is consistent with the faceorientation seen in tHeIWAXS

spectra.

18 plotting of GIWAXS data irFigure3-16done by Dr. Zhibo Yuan. GIWAXS images taken by lan Pelse at
the Stanford Synchotron Radiatibight Source (SSRL).
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PNDI20D-T2 under the same bla@®ating conditions showed network formation
under AFM, howevedetailed nanofiber formation could not be observed at the same blade

velocities as seen in PNDI2TEigure3-17).

5

Height Phase

CgHq7
C1oHa1

O N _O PNDI20OD-T2
O °N" 0 n
CgHy7

2um x 2 ym

Figure3-17 AFM images of PNDI20OBT 2 bladecoated on OT8nodified substrates at a
coating velocity of 3 mm/s. Scale bar is 400 nm.

3.3.4 OFET Mohilties

OFET performance characteristics for PNDI2Tz devices are presertables-2,

and the transfer characteristicsHigure 3-18. It can be seen that the mobility on GTS
modified substrates exhibited a maximum mobility of 7.05%&0¢V1st at a blade
coating speed of 3 mm/s. The OFET performance trends largely mirror the nanofiber
network formation qualities seen in the AFM images. Increasing the-btadng speed

to 5 mm/sresulted in decreased mobility values (1.06%&0v¥V st), which was expected

from the poor film formation seen in the AFM imagd$ie OTSmodified devices
displayed the highest mobilities, which correlates with the nanofiber formation patterns

seen preiously. PNDI20D-T2 had in increase in mobility from 0.047 @n's? on
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HMDS-modified substrateso 0.216 criVis! on OTSmodified substrates, again

mirroring morphology results.

No difference in OFET performance was seen with devices -oleaked
perpendicular to the OFET channel vs. those coated parallel with the ch&hiielboth
PNDI2Tzand PNDI20OBr 2 wer e of oOsufficientd molecul a
them conside O pol ymer s 6, it i s i mportant to r
themselves high in molecular weight as well (998.53 g/mol for PNDQ@[and 1103.72
g/mol for PNDI2Tz). From the number average molecular weights, this would make for
approximately 51 mgeat units for PNDI2OET2 and 26 repeat units for PNDI2Tz. Given
the O6shortdéd chain |l engths and the inherent
units, these polymers are likely not in folded or entangled chain formations, and hence
would not be as susceptible to shearing effects as other more flexible {ohger

polymers (e.g. P3HT}*
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Figure3-18 Transfer curve of PNDI2Tz devices coated on HMDS, PTS, and OTS
modified SiQ BGBC transistors. Solid dots arg nd s curves, while hollowdots are
Isp'? vs. Vg curves. Devices were fabricated at a bladating speed of 3 mm#8.

9 plot of PNDI2Tz transfer curves done by Dr. Zhibo Yuan.
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Table3-2 N-channel mobility values of PNDI2Tz BGBC OFET devices bledated under the specified conditiombermal
annealing was carried out at 19D for 30 minutes. OFET data shown was taken over 10 devices for each blade coating ¢8ndition.

Surface Surface Blade Velocity | Substrate Temperatut Thermal - o jolrd
Modifier Enersg (mms) Q) Annealing| Mobility (cm<V—-s™)
(mJ/n¥)

A 0.5 R.T. no 9.03E03 + 2.08E03
B 0.5 R.T. yes 1.12E02 + 1.12E03
C 1 100 - 1.57E02 + 1.26E03
D oTs 21.99 2 100 - 1.29E02 + 2.19E03
E 3 100 - 7.05E02 £5.43E03
F 4 100 - 1.06E02 +£2.09E03
G PTS 28.63 3 100 - 3.82E02 + 4.97E03
H HMDS 35.77 3 100 - 1.62E02 + 1.49E03

20 Mobhility values calculated by Dr. Zhibo Yuan
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3.4 Summary and Conclusions

Two analogous NDbased copolymers, PNDI2Tz and PNDI2OR, were
synthesizedbladecoated onto SAMmnodified substrateand their performance within
BGBC OFET devices was characterizBDI2Tz exhibited nanofiber formation on OTS
modified substrates, with clearly seen network formations on films {deated at 2 and
3 mm/s. In catrast, PNDI20ODT2 did not exhibit such robusanofiber formations under
similar conditions, despite the structural similarities to PNDIZAI¥VAXS showed tighter
molecular packing and increased crystallinity of PNDI2Tz on @idslified substrates
than sea on PTS or HMDS modified substrates. Analysis of the height profiles from
AFM revealed bundled nanofiber formations in films bladated onto OTS surfaces at 2,

3, and 4 mm/s. Both the height profiles and GIWAXS results point tedageacking of

the MIDI2Tz films relative to the substrate. OFET mobilities mirrored the nanofiber
network formations seen in AFM images, with the highestannel mobility of 7.05x10

2 cmPV-1stobserved in films with the largest degrees of interconnected nanofiber network
formation. This is consistent with the commordgceptednotion that achieving high
performance polymer OFET devices requires continuous charge pathways extending

across the semiconductor channel.

Though increases in nanofiber morphology and fedfdct nobility were observed
with changes in the surfageodifier used on the substrate, no clepecific relation
betweenthe macroscopic properties of the substrate (e.g. polarity, surface energy) and
these observed results can be made in the context of liemetire Yasudaet. al.reported
higher fieldeffect mobilities for both crystalline and amorphous organic semiconductors

deposited on hydrophobic surfaces, but notably did not find a correlation between
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mobilities and the roughness and dielectonstant of the substrat&.The analogous
polymers chosen for caparison, PNDI2Tz and PNDI20OD2, did not behavas similarly

as anticipatedespite identical processing conditions. Rather, the results can be understood
as a superposition of many factors, including inherent chain flexibility, propensity towards
"~ stacking, specific interactions with solvents and substrate§?®ather than finding

a general correlation, this study serves to add anei@nple of nanofiber formation of a
semiconducting polymer in a solutialeposition technique amenable to commercial scale
up. Specifically, the need for increased temperatures for adequate film formation on
passivated surfaces was identified, which isartgnt to the field of fthannel polymer

OFET devices as such surface passivation is necessary to observe electron transport.
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SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK

3.5 Summary

The development of semiconducting conjugated polymers for orfjatdceffect
transistors (BETs) has been the focus of intense research efforts for their key role in
plastic electronicsas well asa vision of solution processability leading to reduced costs in
device fabrication relative to their inorganic counterparte. dirsuit of higkperformance
n-channel(electron transporting) polymer semiconductors vital to the development of
robust and lowcost organic integrated circuits has faced significant challenggsly for
poor ambient operational stability and~BX' device performance lagging far behind that
of p-channelorganic semiconductors (OSC#)s an alternative to the ubiquitous donor
acceptor (DA) molecular design strategy, anaalteptor (AA) unipolar approackas
implemented in the design of poly(2-decyltetadecyl}6-(5-( 5Sniethyt 2 -bithiaol]-5-
yl)-3-(5-methylpyridin2-yl)-5-(tricosan11-yl)-2,5-dihydropyrrolo[3,4c]pyrrole-1,4-
dione) PDBPyBT2. The n-channel copolymer allowed investigation of the impact of
electron withdrawing moieties on conjugatedypter device performance and the utility
of the AA molecular design strategy. As an analog to benzene, the pyridines flanking the
diketopyrrolopyrrole moiety ilPDBPyBTzwere strategically chosen to lower the energy
levels and impart planarity to the monemboth of which aid in achieving stalblehannel
performance.Incorporation of PDBPyBTz into a bottoragatebottomcontact OFET,
afforded a device that exhibited unipolar electron transporaddition to developing a
high-performance fthannel polymerthis study allowed for an investigation of structure

property relationships crucial to the design of such materials in high demand for sustainable



technologies including organic photovoltaics and other sohgrooessed organic

electronic devices.

During the study of another adiccepter polymeric semiconductaranofiber
formation was observedith bladecoat processing on OF8odified substrates. An
investigation of the processing characteristics of PNDI2Tz, and the structurally analogous
PNDI20D-T2 rewaled a preference for the hydrophobic @m&dified substrates in not
only forming distinctive morphologies but also maximizing OFET performance. This study
highlighted the profound influence on processing characteristics of polymeric

semiconductors anddhlsubsequent impact on OFET performance.

3.6 Recommendations for Future Work

The electrordeficient and planar nature of the pyridiildnked DPP has shown
promising results of enablingehannel OFET behavior in polymer semiconductors it is
incorporated into. It would be interesting to explore further iterations of this compound,
namely, replacing the pyridinyl flanking groups with -pyrizine flanking groups. The
additional electronegative nitrogen in doyrazine would further decrease the frontier
energy levels of compounds it is incorporated into, and preliminary calculdteores
shown planar equilibrium geometries between hepyrézine moiety ancdeighboring

moieties (such as BTz).

As discussed in chapter R,is not clear why PDBPyBTz is solely an electron
transporting semiconductan the device structure employed instistudy.ln measuring
the temperatureependent fieleeffect mobilities of the PDBPyBTz devicekescribed

above the activation energy fdhe electron (and possibly hole, at higher temperatures)
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can be determined, nd hence wi |l | ghargeraps tha aredpded.|pis h 6
speculated that as heleps specific to PDBPyBTz are the source of this unipolar charge
transportand hence observing OFET behavior in various device archite(uge3 GBC
devices to reduce channel resistanaejisemiconductor/dielectric interfacésg. PMMA

as the insulating dielectric, or different surface modifiers for the SiO2 substrates) would
provide evidence for the hole traps being intrinsic to PDBPyBTz (or@otjsidering past
repor t s -bithiazote meietyZorning complexes with Lewis actéit would be
interesting to perform studie$ spectroscopic changes in PDBPyBTz films uporoskpe

to various Lewis acids (e.g. BBEb, FeCk, etc.) in controlled environments, which would
indicate potential complexation. The results of these suggested experiments would

determine the next steps in identifying the sources of thettags.
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APPENDIX A. SUPPORTING CHARACTERIZATION DATA

A.1 Synthesis Charaterization

112



CB-I1I-12 n DOOWORY
Std Proton paranfidkers <+ < MmN S ®®X
™~ (SR oo oSo o 1000
\ < RS rShrdy
|-
F900
+800
’Y
/ s
s -/ -/ L2700
+600
E CioHz
12 ESK Fs00
3 c /
,,,,, g Br
a
H400
F300
F200
a
epcl, k100
j ™S
| [
-
f=3
S
T T T T T T T T T ~N T y T r T T
80 75 7.0 65 60 55 50 45 40 35 30 25 20 05 00  -05
f1 (ppm)
- 1 -
FigureA-1“H NMR 11-bromomethyltricosanelj
(B-1-33R_1 T MmO - o~ Qoo T
Sid Proton parameters oo~ ~QQ N~ 0N QoK 850
[+ 2] o« w T T Anini = o
RREF L U PR A
800
HIMR (300 MHz cdel.) § 893 (@, J= 86 Hz, 2H), 874(d, J = 24 Hz, 2H), 801 @, J= 86 B, 2H), f
4289, J= 73 Hz, 480, 160G, 2D, 120(s, 5CEA), 087(t, /= 85 Hz, I7H). ‘I L0
+70
- 650
y - J L s00
550
500
{ Laso
400
350
o@) =
8.74
250
Ad| [C@) D (d)
‘5.93 8.01] 428 Lo
150
100
L l ~
- A L Lo
A Ly
]
83 = g
" . : . - -y . R , : : :
4 13 12 1 10 9 8 7 5 4 3 2 0 1

FigureA-2 'H NMR PyDPRAI (3)

115




CB1-33_R ~ o - S R o
- Soaw w = -
o gesa g o —
© BT m ~ =
- o = =
I NAS .

N
C10H§u

CiaHzs

N HMOTODOUNONMNG®®MN
NNOAGOTOBLWBWVNMMMOWY
— o o
¢REAAAAAANARANAIS

by — o
—— =

T T T T T T T T T T T T T
210 200 150 180 170 160 150 140 130 120 110

{10000

[-9000

{8000

(7000

(6000

(5000

(3000

[-2000

(1000

r1600

1400

1200

1000

100 90 80 70 60 50 40 30 20 10 0 10
f1 (ppm)
FigureA-3 13C NMR PyDPPAI (3)
S paomers 3 8 € T8 &
VoW A |
|
77.90 ,7‘45:
b
N S—b
(o]
. s N~ @
a
L
by o 1 T
8 & g 4
- - o o
9:5 910 815 81(} 75 70 6.5 6.0 55 50 4.5&(“’:5] 35 310 ZiS 2.‘0 1:5 110 015 0.‘0 -0[5 —1‘.0

FigureA-4 'H NMR 2,2:Bithiazole @)

114



Stiprotmpaonetms & b 3 200
‘ | 1 [ 00
2800
+2600
24900
2200
2000
1800
SnMes
s T AR
Megsn” S N 1400
1200
coel, [ 000
800
600
400
a H%O Lo
il L d e
: s [l

35 30 25 20 15 1.0 05 0.0 0.5

800

905
886
8.78

00

431
425
151
1.15
0.78

+0.78

-' 750

: 700

:650

:600

" 550

: 500

. Leso
TMS o
" 350

1 :300

+250

CDCl,

Pkl | r200

T T T T T T T T T T T
S W0 95 90 B85 B0 25 20 65 60 S5 SO 45 40 35 30 25 20 15 10 @5 00 -05
1 (ppm)

FigureA-6 *H NMR (CDCk, 700 MHz) of PDBPyBTz. Overiarge TMS shift due to
overzealous spiking.

11¢



88 =z58RReY & ARE2ERYBY -
8 TYIFRAR = gradcogGre O
— o o o — R N I Rl ™ 1800
N SNNTAS t =
1700
L1g00
-1sm
C1oH21 1400
1300
CiaHas .
(o] 100
lo} PDBPyBTz [10m
=200
800
S N F7ca
CioH !
127125 | /> 'é | leoo
S n 1500
:4{10
r3oo
l 200
i i 100
mwwlm.wl A / _.M',,wl Wi L——-'L--ww:o
=100
17 160 150 140 13 120 110 ﬂﬂt J!IO ‘ﬂ GKQ 5‘0 4‘0 ]‘ﬂ 2‘0 I‘U !;
ppm
FigureA-7 13C NMR (CDCk, 700 MHz) PDBPyBTz
maa 77 @.J=53H, H. 708 @, /= ma!m& ﬁ § ? § g [ cooo
e I 1
114000
13000
12000
F 11000
10000
MeaSn. g [P0
I — Laco
S !
SnMe, ’;‘c;; L3000
W la00
\7'08
- +5000
4000
k3000
2000
I -
L o
e u;
28 3 -0
13 12 11 10 9 8 7 ﬁ(gw“) 5 4 3 2 1 0 1

FigureA-8 *H NMR (CDCk, 300 MHz) Stannylated bithiophen® (

11¢



FigureA-9 *H NMR 2-(2-ocyldodecyl)isoindolinel,3-dione

FigureA-10'H NMR 9-(bromomethyl)nonadecane


















