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SUMMARY

Thematically this work focuses on developing solution blending processes that result
in the formation of interconnected polymer networks for enhanced electronic properties.
Robust and industrially relevant solution processing methods that precisely controtthe self
assembly process are essential to achieve optimal and repeatable electronic device
performance in senrystalline conjugated polymers. This research follows a betipm
approach to develop processucturepr operty rel ationships us

conjugated polymers, poly{Bexylthiophene) (P3HT)

Herein, we demonstrate facile solution processing methods that focus on blending
multiple components to target the formation of interconnected assemblies. P3HT is the
canonical semicrystalline conjugatgublymer, and here was used to investigate the
mechanism of selissembly in solution. The polymer molecular weight distribution,
solutesolvent interactions, and quantity of seed nuclei are shown to be tunable parameters
impacting the degree of intercontigity. These approaches were investigated using a
wide array of strategies to induce nucleation, including exposure to low dose UV,
microfluidic flow processing, and poor solvent addition. A particularly promising approach
involves the selective mixing @ nucleated polymer solution with a Apacleated sample
via seed nucleationThese processing approaches have improved the charge carrier
mobility from a base of ~I®cn?/V-s to values exceedin@x10?! cn?/V-s. Process
structureproperty relationshipsvere developed to quantitatively describe the tradeoffs

between polymer network formation and grain boundaries on charge transport. All

Xviii



examined cases suggest an optimal processing window for long range interconnectivity, in

which a moderate level of crydlinity is associated with the highest mobility.

Finally, materials informatics approaches were leveraged to develop process
property relationships to help guide the next level of experimental effodatabase of
218 data points from 19 publications B3HT was created with mobility values ranging
from 1.0x1CPto 2.8 x10'cn?/V-s. A classification technique in which devices were sorted
into high performing and low performing was applied. A reduced design space containing
all high performing points,sawell as some having poor performayisadentified for the

purpose of focusing future experiments.
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CHAPTER 1. INTRODUCTION

1.1 Conjugated Semiconducting PolymeiElectronics

1.1.1 History and Background

Organic polymeric electronics can trace its origins dacthe research of Alan J
Heeger, Alan MacDiarmid, and Hideki Shirakawa in 1977 when they discovered the ability
of polymers to conduct electricityTheir Nobel Prize winning work demonstrated that
polyacetylene, when doped via oxidation with chlorinenfide, or iodine vapor, exhibited
a 1@ increase in electronic conductivity compared to its undoped counterpart. The presence
of conjugated double bonds, or alternating single and double bonds, along the polymer
backbone enables delocalization of electronrso m t h e  fldparkinjettionboban d
charge carrier (doping), either an electoora hole, with the presence of an electric field,

charges can hop along the backbone enabling unique optical and electronic proberties

Traditionally, irorganic electronics have dominated the electronics industry. Their
ability to form neaperfect crystals in thin films leading to uninterrupted electrical
pathways combined with the ease of doping to increase the concentration of charge carriers
results inenhanced conductivity and semiconducting properties. In contrast, molecular
doping in conjugated polymers results in morphological changes along the chain backbone,
increasing grain boundaries and charge traps that suppress electronic propBegsite
reduced electrical properties, polymeric electronics promises a new array of technologies
that leverage the stretchability, flexibility, biocompatibilyd tunability of polymers.

Moreover, inclusion of solubilizing side chains to polymer conjugated backbones enables



solution processability allowing for lowost, roltto-roll printing of large area devicéAs
many applications based require flexible, Apgid form factors and less computational
power ttan their inorganic counterpaxigs organic electronicare currently irtheresearch
and develoment phases(Figure 1). These include organic fielgffect transistors
(OFETs)"® organic photovoltaics (OPVE)° organic light emitting diodes (OLE 12
and radio frequency identification (RF5}*tags with us@ssensorg® electronic sking®

andwearable device¥

Figure 1: Flexible roll-to-roll processed organic &ctronics.Images adapted from Ars
Technica, Flexible Packaging Magazine, and the Technical University Munich.

Despite the recent advancés solution processed organic electronics, their
inclusion in marketable devices is limited by device performa@barge mobility an
important propertyhat describes the velocity of electrons given an applied electric field,
hassteadily progressed towards ~1%whs with a target of ~10 c#fV-s for advanced
applicationdgn solution processed polymeric electronivides(Figure 2).18 Compared to
mobility values exceeding 100 éM-s obsered for inorganic electronics, significant

progresss still required to develop commercially availablganic electronidevices'®
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Figure 2: Required charge carrier mobility values to enable expected organic
electronic technologiesAdapted with permissionfrom Ref. 18.Copyright Materials
Research $ciety 2008.

1.1.2 Electrical Properties of Conjugated Polymers: From Bonds to Bands

Polyalkenes represent one of the simplest and most common polymer families.
Formed from the addition reaction of alkenes, the polyalkenes are saturated, long chain
hydrocarbonshat are chemically inerLike most other commercially available polymers,
they are insulators due to their chemical structure. Each carbon atom in the polyalkenes is
sp’ hybridizedanddiect | y bonded to four adlpsigmant at
bonds, the electron density is strongly concentrated between two neighbouring nuclei.
When an electric field is applied, the stability of the bond does not allow movement of
electrons, redting in insulating propertiesln contrast, polyacetylenes the simplest
conjugated polymewyith alternating single and double bon@arborcarbon bonds along
the backbone are3py br i di zed, forming both 0 and
bondsis concentrated above and below the plane of the nucleus, enabling delocalization

along the polymer chain backbone.



The Huckel molecular orbital theorpas provided a simple approximation to
determine the bond ene-lgciroasialLmdéar Gomdinations | ar o
of Atomic Orbitals (LCAQO). Te constructive and deconstructive mixing of atomic orbitals
results in an energy difference between the bon@inghd antibondind =~ mglecular
orbitals.As the length of conjugation increases, thlymers can be considered as repeated
subuni t s, enabling positive and negative co
accessible energy levels. As the conjugation length tends towards infinite length, these
energy levels can be viewed in terms ofdant heory with the ~ ener
highest occupied molecular orbi@lOMO, valenceband and t he Jlowestf or mi n

unoccupied molecular orbitdlUMO, conductive band}igure 3).

Ethylene Butadiene Octatetraene Polyacetylene

2 — TFLumo . -
i A THELUMO
% : s T umo . T MO
c i
w P -
; i i THOMO
i 1 ™Homo
4| THoMo % THOMO / ,
185 nm (UV) 215 nm(UV) 400 nm (visible) 1.5-3eV

6.7eV 58eV 3.1eV

Figure 3. Progression of the HOMO and LUMO energy levels as a function of
conjugation length in the polyene seriesmage adopted form the Clean Energy Wiki.

The difference in energy levels forms the band gap and governs the electrical

properties bthe materialElectrons must possess enough energy to move from the valance



band to the conduction band to enable the flow of electricity. In conductors, the valence
and conduction bands overlap so no additional thermal energy is required to simulate
electron mobility. Semiconductors possess a small bandgap, so energy is required to
promote electrons from the valence band to the conduction QdftelTs, OLEL, and
OPVsall rely on precise tuning of the band gap to enable their most basic functionality. In
OLEDs, the colour of emitted light is determined by the bandgap of the materiglcand

versain OPV applications.

The field-effect transistobperates as an electric switch and amplifier of electronic
signals This is achievedia variations in the api@d voltages through thiareeelectrical
connedbns (Figure 4). A gate electrode is separated from the active layer by an insulating
dielectric layer. Varying the voltage to the gate alters the conductivity a@lictivee layer
between the source and drain electrodes. An applied voltage difference between the source
and drain electrodes then enables the flowlettrons or holethrough the devicelhe
properties of interestharge mobility and threshold voltagean be extracted from the
relationship between the drain currehy, and the applied gate voltagés.?° In the

saturation regime of operation, this relationship is modelled by loevfng equation:

‘O —' W W (1)

where W and L are the channel width and length of the transistor chafigls the
capacitance of the gate dielectric mategag the charge mobility, andr is the threshold
voltage. Bothe and Vr are fitted parametersut can be extracted from the slope and

intercept by linearizingEquation 1 above as shown irFigure 4b.
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Figure 4: a) Schematic of a generabottom-gate, bottomcontact OFET, b) Typical
OFET transfer curve from the saturation regime depicting extraction ofe and V.

The operating principles of OFETs can ibastrated using simplified electronic

energy level diagramas shown inFigure 5.2 When the gate bias to the device is zero

(Ve=0), the device is at equilibrium with the active layer HOMO residing below the Fermi

level of the source and drain electrode and MO residing above. A draksource bias

(Vp) would not result in conduction as the semiconductorslacibile charge carriers.

However, when a gate bias is applied electric field is generated at the active

layer/insulator interface. For atppe semicaductor, which is more efficient at moving

electrons than holes, application of a positive gate voltageQMowers the HOMO and

LUMO energy levels. If the bias is sufficiggptlarge enough, the LUMO will become

resonant with the Fermi level of the scefdrain electrodes, proving mobile electrons at

the semiconductor/insulator. Application of a positive dsoarce base (3>0) provides

a driving force for electrons to flow through the semiconducting layer between the contacts.

A similar but opposite icess occurs for afgpe semiconductor in which a negative gate

bias (Mz>0) causes the energy levels of the semiconductor to shift up, forming mobile

charge carrietholes)at the interface.
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Figure 5: Ideal energy diagram ofn-channel and pchannel OFET transistor during
operation. a) At Ve=0 and Vb=0, the semiconductor HOMO is below the Fermi level
of the source and drain. bc) An applied Ve shifts the HOMO/LUMO levels of the
semiconductor providing a pathway for holes/elecns. de) An applied Wb allows
holes/electrons to flow through the deviceAdapted with permission from Ref. 21.
Copyright American Chemical Society 2004.

1.1.3 Charge Transport Models in Disordered Orgnic Electronic Systems

The primary use of a fieldffed transistor as a research tool is to characterize the
charge mobility of the active materf&l Charge mobility,s, is definedas therate of
movement of a charge carrier,given an applied electric fiel#, as shown inEquation

2.

)
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Alternatively, charge mobility can bexpressed in terms othe Einstein

Smoluchowski equatiorEQuation 3):

B~ ©)

wheree s the electron charg® is the diffusion coefficientss is the Boltzmam constant
andT is the temperature. In either formulati@upportingequations must be applied to

describe the movement of charges at the atomic.fével

Understanding # fundamental mechanism of charge transport in organic
semiconductors can aid identification of optimal morphologi€se welldefined
crystalline lattice formed imorganic moleculesllows charge carrierto be delocalized
across thentiresystem, ending so-called band transport. In contrast, organic molecules
are subjected to the polarization effect resultinGatumbic interactions between electron
and hole paird? This results in a localization of the charg@s.a result, charge transport
in organic systems generakxhikit charge hopping between neighbouring molecules via

polaron formatiorf>2°

Rudolph Marcus formulated thieeoryof charge transport by describing electron
transferfrom a molecule in the charged state to a molecule in the neutrat’stdten the
charge is transferred from one molecule to the other, bothreargianizé¢o optimize their
geometry to acamt for the presence or absence of the chaeigeiron This process is
termed intramolecular relaxation. The charge transport process also results in
intermolecular relaxation as the electron density, and thus size of the mqldmades

changedThis cages aeorganization of the spatial location of molecules that can interrupt



charge transport through the introduction of vibrational movement. The electspmdpo

rate (let) describingheseprocessesan be expressed as:

o J—— ——A@p= — 4
—_ QY _

wheret is the transfer integraki s P | a n c k @ is theBoltanwmtnaanstant, Tkis
the temperatur e, enmpébetween thehaggedeamdeneugay statej ahdf e r
2reorg IS the reorganization energi. onedimensional (1D)iffusion coefficient that can

relatethe electron hopping rate to charge mobility can be expressed as

0 60 (5)

wherea is the disance between molecules. An expression for charge carrier mobility can
be obtairdby combiningequations 3, 4 and5:
o ¢ 0 30

i B = - 6
o =—TYA®D = a7y (6)

Charge mobility can be maximized by maximizing the transfer integral and
minimizing the reorganization energy of the systéif However, this transport model
assumes a highly disordered system and does not capture thef igregation on

extending charge transport pathways.

To account for the semicrystalline nature of many semicondugioigmer

morphologies, a variety of transport modelmave been developedased on



phenomenological observatiotisat capture the role of chemical and physical defects
(Figure 6). Many of these models have been developed based on the seminal work by
Miller and Abrahantsthat suggested that the hopping rate depends on the spatial distance,
Rj, between site¢occupied site and unoccupied sitej), and the energetic difference
between the two siteq) E 5-Ej. Their proposed hopping rate can be expressed as:

yo

i 039 0)
Aob Y

©w U0VA@bqg'Y O¥D T (7)

Y
wherev, is the attempto-jump frequency antlitis the effective overlap paramet@he

addition of thermal energy is only required if the destination site is of higher energy.

The variable range hopping (VRH) model developed by Sir Nevill Mott has been
used to describe charge transport when the semiconductor is highly disordered in both
energy (ontains traps from a nesmiform density of states) and spatial locations (not
periodically spacefl They considered the case in which it mayrbere energeticaly
favourdle to hop over a longer distance with a ¢éowenergydifferencebetween sites
compared to a shorter hop with a higher energy differ@imesimplest formulation of the

VRH model can be expressed as:

WwQs ~
‘0 APD — 8)
pcyp Y
whereN is the density of states atthe FermiEdgdU i s t he size of the

1C
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Figure 6: General charge transport theories as a function of disorderAdapted with
permission from Ref. 29. Copyright Royal Socigy of Chemistry 2017.

Despite the different assumptions of each maithelre are several commonalities
that can guide structwgroperty relationship#ll models exhibit enhanced hopping rates
with decreased distance between states. This is describéte isansfer integrat, in
MarcusTheory andhe spatial distanc®;j,i n Mi | | er and AtbeVRH a mo6 s
model. Furthermore all models indicate improved transport properties with improved
conjugation length, captured ltlye reorganization eneygin Marcus Theory anthe size
of the localized state in thepatialhopping modelsTherefore, it has been suggested that
the ideal morphological structure contains numerous large crystalline domains with
enhanced molecular packing to reduce the spdisédnce between lower energy stéfes.

More broadlyspeaking, control of both intrand intermolecular structure éssential to

obtaining robust and reliable charge transport properties.
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1.1.4 Poly(3hexylthiophene): A workorse polymer

Polythiophenes have received a remarkable degree of attentiomiasrsgucting
pol ymers since t hei?3Thdeass ofsyntess of palythiophened at e
compared to new, more complex polymeric structures has turned these polymers into a key
workhorse system to study fundamental proctasctureproperty relationships. As a new
paradigm in electronicdevice manufacturing develops to enable low cost, large area,
flexible electronic devices, the ideal conjugated polymer must be either solution or melt
processable to enable printed +wHroll processing As polythiophenes are known to
thermally degrade when exposed to high temperattiresolution processability route is
often leveraged to deposit polythiophene based thin filihas polymer solubility plays
an important role in the ink formulation process. While polythiophene itself is insoluble,
the addition of long, flexible hydrodaon chains enhances the solubility and thus
processability of this class of conjugated polyniérs

A wide variety of side chain motifs have been suggested to improve the solubility
of thiophene, from bulky branched chains to leverage liquid crystal properties to carboxylic
salts for improved solubility in watéf>® The addition of side chains adds steric hindrance
along the chain backbone leading to changes in the conjugated backbone flexibility,
i ncrease’s stnactkhieng di atibna todhe orltal dverlafoTthésd i ¢
properties can be optimized by ensuring planarization of thiophene chains and therefore
long-range delocalization of electrons. Howeube relative position of the side chain on
adjacent thiophene monomers has a profound impact on the favorable configurations. Both
headto-head (HH) and taito-tail (TT) coupling adds additional steric interactions and

disrupts the planarization of the dibone®”3 Instead, a high dgee of heado-tail

12



couplings (HT), described by the regioregularity of the polymer is desired for chain
planarization and improved electron delocalization. Moreover, a planar structure of
thiophene ring faces can be formed with individual monomers adpeither the trans or

cis configuratior?® In the context of the planarization of polyélkylthiophene) (P3AT)
chains, the desired structure is a polymer chain with all monomers in the trans
configuration.

At a synthetic level, significant progress has been made to control the
regiochemistry andyield during synthesis of P3ATs. This has enabled widespread
commercial availability of P3ATs allowing for detailed physical characterization of both
solutions and films. Coincidently, poly#xylthiophene]P3HT)has arisen, not just as a
model polythiomene pol ymer, but as t he Thethemidalt f | y €
structure of this polymer is shown iRigure 7a. The vast amount of accumulated
knowledge on the P3HT provides an unparalleled opportunigiucidate informative
processstructureproperty relationships relevant to the behavior of conjugated polymers in
general. Pocessstructureproperty relationships have been thoroughly examined and
reviewed on multiple occasioli$3and continue to developlready, aremarkably diverse
array of structurebasbeen identifiedrom the solution processing &3HT in solution.
Examples of unique structural matifinclude single crystafé nanowhisker$®
isotropically aligned nanofibef§ shishkebab fiberé’ and interconnected fibral
domains*®4° The latter three structures have received a significantiat of attention due
to their ability to form the longange charge transport properties required of solution

processindor large area devices.
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In P3HT, the delocalization of -electronsleads to the formation of e@cially
stacked chains held togetheri a p h-y s b o(fgdire 7b). This phenomenogives
rise both to nanofibrilike structures ardr interconnectedibril networks depending on
the degree of overldpetween neighboringhainsas shown irrigure 7c and d Regardless
of the st-rustacki,ndghe¢i sStance between.cofaci
The |l ength of i bsrtiacskifnogr noefd af rfoenw "chai ns t
grow to ®veral micronsn length.Chains can also stack edtpeedgein the alkyl direction
generally at a stacking distanoé 1.6 nm. As the hexyl side chains are insulating, the
development of structure in this stacking distance is irrelevant to charge ttaisgiead
transport along t he c¢ ongtaokg goveendhe buk elécticaln e an
properties of the films Charge transport along the conjugated backbdeemed
intramolecular chargetransport (~1 cffV-s), has been boththeoretically ard
experimentdy shownto be faster than intermolecular charge transpet0? cné/V-s)
t hr o stgcks®> The differences in obtained charge mobilities argelyr governed
by the differing modes of transport in the matergal described in the electron transport

theories presented Bection 1.1.3
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Figure 7: a) Chemical structure of P3HT. b ) i | |l us{ rataohki afgjo of P3|

lamellar stacks Adapted with permission form Ref. 50. Copyright American

Chemical Society 2016c) AFM image of aggregated nanofibersleposited via blade
coating. d) TEM (left) and AFM (right) of interconnected P3HT network. Adapted

with permission from Ref. 49. Copyright American Chemical Society 2017.

As a result, the development of processing methods to preferentially manipulate
and control the alignment and ordering of conjugated polymer thin films has been a key
focus area in the fiel@Figure 7c and d). Early investigationgelating charge transport
properties topolymer molecular weight, polydispersity, solvent choice and processing
historyhas greatly advanced the c¢commessabld y o s
organic electronicOne of the earliest proposed procsssictureproperty relationships
was the influencef the molecular weighbased on work by Zharet al%? and Klineet
al.>® An increase in charge mobility wabserved with an increase in the molecular weight
from 10* cm?/V-s using a Mn of 3 kDa to Fcn?/V-s with a Mn of 30 kDa. Notably, a

decrease in the observed ordering of P3HT chains was observed using ARbvasin
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Figure 8. It was theorized that charge transport is enhanced in higher molecular weight
polymer systems, as longer chains can form more-gr@n connections, enabling

percolative charge transport pathwagnce then, a variety gfrocessing methods to

control the formation of tie chains that connect crystalline domains have been proposed.
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Figure 8: Observed structure of P3HT thin films fabricated for 3 kDa (top) and 30
kDa (bottom) P3HT. Adapted with permission from Ref. 52. Copyright American
Chemical Society 2005.

1.2 Processing of Polymer Electronics

In polymer electronic devices, macroscopic charge transport properties are
governed by the assortment of interconnected pathweetween highly conductive
crystalline domains and less conductive amorphous regions. Precise control of the
crystallization process to manipulate the distribution of crystalline states and morphologies
in the solid state remains crucial to increasingrgh mobility. A myriad of studies has

revealed microstructural features that influence charge transport including i) electron
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delocalization arising from ordered crystalline domains, ii) the formation of percolative
charge transport pathways between aflise domains, and iii) alignment of the

crystallographic direction relative to the active channel.

Processing strategies to control the morphology can be separated into three main
categories: 1) solutiestate preprocessing 2) controlled depositionhoes$, and 3) solid
state post processing. Solution state preprocessing involves disrupting the local solvent
environment to planarize polymer chains or induce nucleation and growth of crystalline
domains’*®® Controlled deposition methods involve manipulation of stadigning
techniques and solvent evaporation rates to obtain ordered microstraefireslid-state
post processing involves thermal annealing or mechanical manipulation tectMiques
Solution state preprocessing methods have received significant attention due to their

industrial applicability.

A wide range of processing metis have been proposed to promote-asdfembly
of nanofibers. These techniques include solvent solubility tf§iA%°* ultrasonication
(Son)>* 6264 YV jrradiation®>®® solution aging®® % and microfluidics®® each withtheir
own unigue proposed mechanism of sefembly and accessible nanofibril structures.
Stark contrasts in the fibril morphology can be easily visualized using AFM images
analyzedvia advanced image processing techniques. Perstsah compiled 100 AFM
images from 9 unique solution preprocessing techniques produced in the same laboratory
setting’® These images were analyzed using open source software to quantify the fiber

length density)(rL), degree of orientanal order &ui), and mean fiber length.

17



)
Deposition ©
;y 0.8
O Spun 2
s 08 5 o ' [J Blade ‘©
%) o s " £ 07
o agm® g ® Solution Process 8
S 06 8] P 0] ® uw o 06
g O e " © @ ULV +Age ‘g .
2 0 em o g0 © son. 0.5
E 0.4 e O ° . © Son. + Age %) o o \
@ ’jog ol ™ © Age S 04 (¢}
2 0.2 ®o oo e® O Son.+ WV 5 oO
’ o © \ @ Poor Solvent % 03 ,
8 LZP(?%O \‘\ @ son. + Poor Solvent  ©® 8 @ \,\
0 i \ @ Microfluidic+uv & (55 pEe
2 4 6|8 10 12 14 \\ 2 4 /6 8 10 12\ 14
(um™) \ Fiber Length Density, pg (Um™)
y — r” 7
Z S e
0 B

Figure 9: A vast array of structural motifs can be obtained through solution
processing of P3HT solutions. The degree of alignment and fiber length density are
two structural metrics that can help elucidate the procesdependent mechanism of
selfassembly Adapted with permission from Ref. 0. Copyright American Chemical
Society 2017.

Similar processing methods appear to cluster around unique values of the structural

descriptorsas illustrated inFigure 9. Son + poor solvent thin films display a medium

packing density and low alignment with minimal tunability as a function of processing. In

comparison, Son + Age thin films exhibit both a mediumgree of alignment and packing

density. Microfluidic + UV processed fibers generally display a high fiber length density,

with the degree of processing controlling the fiber alignment.
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Analysis conducted in this manner can be used to support hypothesized se
assembly mechanisms. Perssbral. analyzed the alignment and packing density results
of the three mentioned techniques and summarized differing bundle formations elucidated
in the original publication&’ In the case of poor esolvent addition with sonication, the
presence of the unfavorable solvent environment and cavitation from sonication will induce
nucleation of P3HT nanofibers. However, the presence of the poor cosolvent results in few
tie chains betweefibersas the fringe chains coil up to decrease their interaction with the
solvent. Upon thin film deposition, each fiber will be exposed to a unique shear force
leading to an isotropic film. In the case of sonication and aging, the cavitation effect will
once again provide the nucleation step. The aging time allows fibers to diffuse through the
solution and for tie chains to extend and form interconnections. These interconnections
keep the network together during deposition leading to enhanced locahatignAn
extreme case of tie chain interconnectivity is hypothesized to arise from microfluidic
processingiathe formationofshisk e babs. I n t er ms o0 ficonGab ar ge
> sdh+age™  sdh+Poor Solvent iNdicating the importance ofetichains for enhanced global
charge transport. Expanding this analysis for a more inclusive array of solution
preprocessing techniques shows a general correlation be@gesnd charge carrier
mobility. This has been attributed to tie chains that leadrtetworkwhich furtherenables
orientational alignment during deposition and a percolative pathway for enhanced charge
transportFigure 10 depicts hypothesized structural motifs that fringe chains at the end of

fibers can exhibit.
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Figure 10: Proposed mechanisms of procestependent seHassembly based on image
processing of AFM imayes. Adapted with permission from Ref. 71. Copyright
American Chemical Society 2017.

While AFM analyss presents a generalizable structpreperty relationship that is
applicable across a wide range of solution preprocessing techniques, it provides little
insight on the role of processing to obtain these structures. It is more desirable to seek
completeprocessstructureproperty relationships to be able to apply knowledge on an
industrial scale, or to transfer knowledge to another polymer system. However, developing
global processtructureproperty relationshipseven under highly controlled processing

conditions is a challenging task.
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1.3 Motivation and Outline of Thesis

Thematically, this work focuses on developing solution blending processes that
result in the formation of interconnected polymer networks for enhanced electronic
properties. Chapter 2 introduces the array of processing methodologies and
characterization techniques used throughout this thesis to probe for ptroetse

property relationships.

Chapter 3introduces an approach where blends of differing molecular weight are

nucleated tanvestigate the role of chain length on network interconnectivity.

Chapter 4 proposesa processing approadhat blends praucleated P3HT and
amorphous P3HT to form interconnected nanofibrillar structures. The impact of the sample
molecular weight of bét seeds and amorphous chains was explored. The results found in

traditional batch studies wetleenappliedto a continuous flow processing system.

Chapter 5 discusses blending tirrdependent selissembly with poor solvent
driven assembly. Results are gealized to demonstrate that this approach is applicable

beyond P3HT to PBTTT.

Chapter 6 applies material informatics approaches to identify promising
processing variables for future experiments. Literature databases of both P3HT and

polypropylenetalc conposites were developed.

Chapter 7 summarizes the main findings in this work and provides guidance on

future work.
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CHAPTER 2. MATERIALS AND EXPERI MENTAL METHODS
In this chapter, thenaterials, methods and dgieocessing techniques used across
all studies a presented. Specific techniques used only for a single study will be presented

in the corresponding chapter.

2.1 Materials

Regioregular P3HT (PTL 152, PTL 1608, BS2348) was purchased from Rieke
Metals Inc. Anhydrous chloroform with amylenes as stabsjzgichlorobenzenegand 2
methylpentang2-MP) were purchased from Siga#ddrich. All materials were used
without purification. The molecular weights and polydispersity of all P3HT samples were
provided by Rieke Metals Inc. and determined using a GPCiveel& polystyrene

standards with 1,2-trichlorobenzene as the elues shown imable 1.

Table 1. Molecular weight, polydispersity index and regioregularity of the P3HT
samples studied.

Rieke Metals Inc. Internal
Sample Muw PDI Regioregularity| Mw PDI
Name (kDa) (%) (kDa)
P3HT-L 37 2.0 96 41 2.0
P3HT-M 58 2.1 96 66 2.0
P3HT-B - - - 74 2.6
P3HT-H 95 2.3 97 104 2.2
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2.2 Experimental Methods

2.2.1 Solution Processing of Poly{3exylthiophene)

All solution processing was conducted in 20 mL borosilicate glass scintillation
vials. For each experiment 10 mg of P3HT was dissolved in 2 mL of chloroform at 55 °C
for 20 min. After complete dissolution, the solutions were cooled in ambient air to room
tempeature for 15 min. The vial was then exposed to UV irradiation by use of ahieéahd
UV lamp (Entela UVGE1L5, 5 mW-cm?, 254 nm) for 8 min. During UV exposure, the
vial was placed on a magnetic stirrer and subjected to a 300 rpm stir. During UV exposure,
anotable color change from bright orange to dark purple was observed, indicating P3HT
aggregation in solution. A dark ring of so
interface, associated with precipitation of aggregates. The preaggregated solgren
then stored in the dark under ambient conditions for the specified amount of solution aging

time.

2.2.2 Organic Field Effect Transistors

The OFET transistor substrates were purchased from Rogue Valley Microdevices
with heavily rdoped silicon wafers and@ nm thick layer of thermally grown SiOThe
n-doped silicon served as the gate electrode, while the I8i@r served as the gate
dielectric in a bottongate bottorrcontact configuration. Source and drain electrpdes
consising of 3 nm of Cr as an adhes layer and 50 nm of Awvere deposited via standard
photolithography liftoff techniques, followed by deam evaporation of the metals onto
the SiQ surface. After electrode deposition, the wafers were cleaned using an ultrasonic

bath befordeingsequatially rinsed with acetone, methanol and IPA. The final transistors
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were then cleaned with U@zone (Novascan PSDV) to remove organic contaminants

including residual photoresist. The semiconducting layer was deposited on the transistors

via blade coatig using a homemade vacuum chuck equipped with a motorized linear stage
(A-LSQ150AE01, Zaber) at a blade speed of 20 mhasnd bl ade hei ght of
coated transistors were then moved from the ambient environment to a vacuum oven set at

55°C overnidpt to remove any residual solvent.

Field effect transistor properties were measured in a nitrogen glovebox using an
Agilent 4155c semiconductor parameter analyzer. The charge carrier mobility and
threshold voltage were calculated in the saturation regitee=-80 V with Vps swept
from 80 to-80 V) by fitting the following equation to the transfer plots of the drain current
(Ips) versus the gate voltageds):

w o0

. o , L
o) & ® (1)

whereWis the channel widti2(mm), L is the channel lengtbQum), Coxis the capacitance
per unit area of the Si@lielectric layer (1.15 x I®F cn?). The on/off ratio was calculated
as the maximum drain current measured when a negative bias is applied divided by the

minimum drain curret measured when a positive bias is applied.

2.2.3 UV-Vis Absorption Spectroscopy

Solution and thin film UWVis absorption spectra were recorded using an Agilent
HP 8510 U\WVis spectrophotometer. Solutions measurements were obtained by depositing
30 eL of solution between two glass coverslips secured with a clip. Corresponding thin

films were blade coated onto precleaned glass slides using the same procedure as the OFET
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devices. Polarized UWis measurements were also obtained using this spectropétetom

by polarizing the incident light.

2.2.3.1 Aqggregate Fraction Calculation

The relative degree of polymer aggregation in solution was estimated by
deconvoluting the spectra into amorphous and aggregated contributions through Frank
Condon fits’*"® The aggregate absorption (A) of P3HT was modeled according to
“®Q YEA 0 0 40 gw"v

<o iR« AgB C 9

00 ® i p
aA

whereEgois the Q0 transition energy of the aggregdfgis the frequency of the vilamic
transition(0.179 eV) G is the width of the Gaussidine shapeSis the HuanegRhys factor

(1), m (4) andn (4) represent the number of vibrational excitations, \&hd the exciton
bandwidth!*"® The values oW, and a proportionily constant are the fitting parameters
for this fit. As a single vibrational progression was not able to accurately model the
aggregate absorption, the approach by Koétexd. with two distinct and equally space
vibrionic progressions was utiliz€@ The fraction of aggregates was obtainedaitwding

the area under thegygregate fit curve from the total area under the absorption curve. This

process is illustrated iRigure 11.
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Figure 11. Example Frank-Condon fits to determine the aggregate fraction from
linear UV-vis absorption spectraof P3HT.

2.2.3.2 Exciton Bandwidth Calculation

A weakly interacting Haggregate model was developed by Spetral. to extract
polymer conjugation length from the absorption spectra of conjugated polymer thin films
and has been pjed extensively to P3HT?% 7678 |n this approach, the ratio of tl§@-0)
and(0-1) intensities is relatetb the Coulombic coupling between neighboring thiophene
units through the exciton bandwidthy, of the aggregates. The exciton bandwidth
describes the conjugation length and thus intrachain order; a decré&ss associated
with an increase in conjugah length and thus a more ordered aggregate. The valués of

can be estimateaks
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wherelooandlo1 are the intensities of the- and (B1) transitions, respectively, abg

is the vibrational energy of the symmetric vinyl stretch (taken as 0.18'eV)

2.2.3.3 Dichroic Ratio Calculation

The dichroic ratio, R=A/A-, was utilized to quantify the anisotropy of polymer
chain backbones. The ratio is defined as the absaorpfithe (80) peak perpendicular to
the blade coating direction over the absorption in the parallel direction. A value of 1 will

indicates an isotropic structure, while larger values indicate enhanced alignment.

2.2.4 Polarized Optical Microscopy

Polarized Opmal Microscopy (POM) images of the thin films were taken using a
Leica DMRX optical microscope equipped with rotatable polarizer and analyzer and a
Nikon D300 digital SLR camerd@he extinction and reemergence of light as the sample is
rotated from O to 8° is driven by the formation of highly aligned crystalline domains with

long range order.
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2.2.5 Atomic Force Microscopy

AFM images were obtained from the same OFET devices used for electrical
characterization, using a Bruker Dimension Icon atomic force nuopyssystem in

tapping mode with 1type silicon tips (HQ:NSC14, MikroMasch).

2.2.6 Grazing Incidence Xay Scattering

GIWAXS measurements were carried out on beamling Ht the Stanford
synchrotron radiation light source (SSRL). The beam was kept at an efergy’ keV
and critical angle of 0.13°. A LaB6 standard sample was used for calibration and the
software WxDiff was utilizedo reduce the 2D scattering maps into 1D intensity versus q
spacing plots. Small angle-bay scattering (SAXS) anwide-angle X-ray scattering
(WAX) measurements were conductetha Pohang Accelerator Laboratory using sucrose

as the calibration standard.
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CHAPTER 3. A POLYMER BLEND APPR OACH FOR
CREATION OF EFFECTIV E CONJUGATED POLYMER

CHARGE TRANSPORT PATHWAYS

3.1 Introduction

While semicrystdine semiconducting polymers can exhibit macroscopic charge
transport through amorphous domains, electrical properties can be improved through
increased molecular orderifdy.”®® In the case of # workhorse polymer, poly{3
hexylthophenrne)st(@RXHT)g, bet ween individual
networks embedded in an amorphous matrix. These fibers enable charge transport in
directions along an individual polymer backbone and throughtd i be+ isn atctkeé ng
direction?? Therefore, controlling the processing conditions to repeatedly target optimized
structures in polymeric semiconductors is paramount for the-tar@e adoption of these

technologies foelectronic devices.

Theoretical and experimental efforts have focused on understanding relationships
between selhssembly at the molecular level and its role in charge trarfSp®ir#2
Fundamental studies conducted by Kleteal. and Zenet al. demonstrated tunability of
charge mobility over several orders of magnitude by changing the P3HT molecular weig
(MW).5357.8485 Conventional transport theories suggeat more ordered and crystalline
low molecular weight P3HT should exhibit higher transport characteristics over more
disordered high molecular weight sampgieslowever, the observed trend of increasing

mobility with increased chain length suggests that mesoscale ordering and the formation
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of a percolative network, rather than local crystay, is more influential for high charge

transport. For instance, Noriegd al. compared field effect mobility, paracrystalline

disorder, and activation energies of trap states of both semicrystalline and amorphous
conjugated semiconductors from thiedature to relate local disorder and aggregation to

charge transpaff They concluded that transport in polymer systems is limited by
interchain disorder, setting the requirement for high local crystallinity and the presence of

At-c kai nso to promote | ong efindinggwerecohraorajeel del o

by recent studies related to P3HT proestsactureproperty relationship 63 87-88

Combined, the investigations suggest two microstructural features that are
important for enhanced charge transport: 1) electron delocalization arising from highly
ordered crystalline domains and 2)erdonnectivity between crystalline domains on the
mese to macroscale to form a percolative charge transport network that spans the

amorphous polymer matrix.

Manipulation of the polymer molecular weight distribution has been suggested as
an approach teatisfy both microstructural requirements for enhanced charge tréfisport
In practice, catrolling polymerization to target a desired molecular weight distribution is
difficult 8 Alternatively, targeted molecular weight distributions can be obtained by
blending conjugated polymer samples with known weaytgrage molecular weights (W
and polydispersity indices (PDI). Aiming to balance the degree of local crystallinity with
aggregate interconnectivity, Mat al. applied this approach to fabricate organic
photovoltaics using low and high molecular weight P3MEnhanced power conversion
efficiencies were observed with the blend, but limited characterization provided few

mechanistic insights. Koppat al blended high (M= 153 kDa) and low MW (M= 26
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kDa) P3HT and observed that the enhanced solubility of low molecular weight chains
reduced the propensity of the system to undergo gel¥tibhe improved processability

of the blended solution with balanced low and high molecular weight chains coincided with
improved photovoltaic efficiency, compared to only using high MW chains. Himmelberger
et al.studied blends of 8 kDa P3HT with higher molecular weight samples (29, 42, and 61
kDa), and observed a decrease in mobility as the relative amount of low moleeigjlar
polymer was increased Analysis of U\tvis absorption spectra indicated that the presence

of small chains impacted neitherrathain disorder nor the ability of chains to aggregate.
Rather, the decrease in mobility was attributed to a decrease in the number of long polymer
chains that bridge regions of high crystallinity (referred to as tie chains), puided
reduction in paacrystallinity (Xray diffraction) and interchain order (U¥s). However,

the absolute value of charge carrier mobility in this study was relatively low; recent
advances in the processing and deposition of aligned P3HT nanofibers have yielded
mobilities d least an order of magnitude higher. The aligned structure of such resultant thin
films provides an opportunity to study the impact of molecular weight blends at the higher
end of performanc® % Furthermore, detailed characterization of the polymer solution
state and deposition process in a more controlled setting can help bridge the gap between

lab scalestudies and the manufacturing environment.

Herein, we investigate the impact of blending distinctly different molecular weight
samples of P3HT on the s@fsembly of polymer chains into interconnected polymer
structures. The polymer solutions were prepssed with lowdose ultraviolet (UV)
irradiation and solution aging, which was previously demonstrated to influence both

aggregation and mobilittf: ¢ UV irradiation was used to initiate polymer safsembly
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into nanofibrillar structures, while further aggregation was driven by-tdependent self
assembly (solution aging). The impact of théasned P3HT networkn charge transport

was characterized by fabrication of organic fieféect transistor (OFET) devices. Analysis

of the UV-vis solution and thitfiilm absorption spectra, grazing incidence wide angle X
ray scattering (GIWAXS), atomic force microscopy (AFMand polarized optical
microscopy images (POM) informed mechanistic understanding of the relationships
between molecular weight, the resulting distribution of molecular weights, and charge
transport. Overall, blending of different molecular weight polymeas demonstrated to

be a viable approach to achieve enhanced-teng solution stability, an essential

characteristic for the development of stable semiconductor inks.

3.2 Results and Discussion

3.2.1 OFET Device Performance

Four P3HT samples having a range ofi@calar weights and polydispersity index
values Table 1; reported values include those provided by Rieke Metals and those
measured ihouse) were evaluated to investigate howdis¢ribution of polymer chain
lengtrs impacts processtructureproperty relationships. Sample selection was guided by
prior reports demonstrating a plateau in charge carrier mobility for P3HT having a
molecular weight between about-86 kDa and about 100 kDa, despite significant
differences in thinfilm morphology 8 Samples of 37 kDa (P3HI, low MW) and 95 kDa
(P3HT-H, high MW) P3HT were blended in a 1:1 mass ratio to generate the 83HT

(blend) sample. A 58 kDa (P3HW, medium MW) sample having similar/Mo the blend
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but smaller PDI was selected as the conffbke GPC results showing the distribution of

molecular weights fior to mixing are shown ifrigure 12.
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Figure 12 Molecular weight distributions measured by GPC for all four P3HT
samples

P3HT charge transport characteristics were characterized hyatwoal of charge
cari er mobi l ity (&) usi nBgue h3ailustratds the pracéss e ar
to produce bladeoated films from solutions treated with 8 minutes of UV irradiation
followed by solution aging. This method hlbasen shown to deposit uniaxially aligned
nanofibers that are perpendicular to the direction of the source and%f&lmese studies
investigated charge transport anisotropy in P3HT and uncovered strong correlations
between backbone alignment (AFM, dichroic ratio) and charge transport. It has been
suggested that anisotropic alignment leverages enhanced trapspmtties along the
conjugated backbones compadar esd atcki algarddg g efcr
average mobility at Day 0 (immediately after UV exposure) increased with average

molecular weight, as shown Kigure 13b. Upon aging, P3HH demonstrated a nearly
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l i near decr eas &V-sionDay 0 to 0.05cfd-s On Dhyi6. In contrast,

P3HT-B displayed the highest mobility on Day 2, namely, 0.1%/¢rs, a value that was

similar to the control, P3A-M (0.14 cn%/V-s). Notably, these samples retained their
mobility above 0.1 criV-s over the course of solution aging for 6 d. The highest observed

e for-Lwa3GMcAV-s on Day 2, after which ¢ sig

cm?/V-s on Day 6.

a) b)
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Figure 13 a) Overview of device processing method including molecular weight
distribution, UV irradiation, solution aging and blade coating deposition onto
transistors. b) Average charge carrier mobilities obtained withOFETs asa function
of molecular weight and days aging. Error bars represent standard error.

Figure 14 displays the transfer curves obtained for all samples, which are typical
of p-channel OFETSs operating in the accumulatioode?® High threshold voltages @Y
and off currents ¢k) present in all samples can be attributedeidual doping or charge
traps at the P3HDxide dielectric interfac& % Tabulated values of Mand orfoff ratios
for all samples are provided fable 2 andTable 3, respectivelyP3HT-L and P3HTB
exhibited consistent vbetween ca. 15 ath V across all days aging; while P3#Tand
P3HT-H displayed a significantly larger range. It is hypothesized that the presence of a

larger distribution of low M chains in the P3HTL and P3HTB samples enabled improved
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packing at the dielectric interfaceeducing the development of shallow traps from
aggregate®® Moreover, the relatively highsd values for all aged samples#(~10°-10°

amps) compared to the Day 0 samples~<I0’ amps) suggests the presence pfiGpants

from processing nder atmospheric conditiof%®” No apparent correlations between
molecular weight and on/off ratios were observed, suggesting that all samples likely
exhibited sinlar levels of Q doping. The development of processing methods to remove
these dopants remains an active research area to enable low cost manufacturing in ambient

environment$&100

Q) f———T—T—T—T—T003 b) ——=

Day0 e Dayol
_— ) r 23 //

80 60 40 20 O -20 -40 -60 -80 80 60 40 20 O -20 -40 -60 -80

Figure 14: Representative transfer curves for a) P3HTL, b) P3HT-H, c) P3HT-M,
and d) P3HT-B samples bladed coated onto bottorgate, bottomcontact transistors
in the saturation regime {4s=-80 volts).
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Table 2: Average and standard errors of threshold voltages extracted from transfer
curve analysis.

Day O Day 2 Day 4 Day 6
P3HT-L 31.50+0.14 39.08 +£5.18 24.49 + 1.58 27.39 +4.98
P3HT-M 7.91+1.40 24.60 £ 1.73 27.09 +£1.52 5406 +1.74
P3HT-B 27.04 + 2.46 34.09 + 2.52 22.70 £ 2.24 17.86 + 2.19
P3HT-H 28.68 + 2.33 49.20+£2.21 31.59 +4.75 69.80 + 3.10

*units: Volts (V)

Table 3: Average and standard errors of on/off ratios extracted from transfer curve

analysis.
Day O Day 2 Day 4 Day 6
P3HT-L | 4.11+(1.28) | 8.09+(1.38) | 841+(1.75) | 1.69+(0.51)
x10° x10? X107 x10°
P3HT-M | 1.70%(0.37) | 4.41+(1.71) | 1.87+(0.34) | 2.24 % (0.39)
x10° x10? X107 x10?
P3HT-B | 7.72+(4.95) | 156+ (0.27) | 3.49%(0.98) | 1.22%(0.63)
x10° X107 X107 x10°
P3HT-H | 6.57+(3.05) | 3.94+(0.67) | 2.27+(1.28) | 7.01 + (2.89)
x10° X107 x10° X107

Longerterm aging of the P3HB and P3HTM solutions (up to 14 days) was also
investigated to evaluate its impact on charge transpororpeshce and importantly,
semiconducting ink shelffe. At Days 10 and 14, P3HB retained mobilities in the range
of 0.10 cn/V-s (0.10 crAV-s and 0.11 cAiV-s respectively), while P3HM displayed
values of 0.19 cAtV-s and 0.16 cAiV-s. Note, howeverthat the increase in mobility

observed for P3HM was accompanied by large increase¥+r(Figure 15). Thus, the
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use of lower polydispersity, medium MW semiconducting polymers in low power

applications may bkess $able over long aging tiny@+102
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Figure 15: Average mobility and threshold voltages oP3HT-M and P3HT-B samples
with aging up to 14 days. Error bars represent standard error of multiple runs.

3.2.2 UV-Vis Characterization

UV-vis absorption spectroscopy was used to quantify nanofiber formation in the

P3HT solutions. The solution absorption spectra are presentédure 16. The broad

absorption peak centered at ca. 455 nm accounts for a wide distribution of isotropic

amorphous chains in a coiled st#t€Additionally, peaks at ca. 615 nm and 570 nm

correspond to the {0) and (01) vibronic bands, which are attributed to the relative intra

and interchain coupling of delocalized excitons, arising from P3HTassémbly into

aggregate$” 104
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Figure 16. Normalized solution UV-vis absorption spectra of a) P3HTL, b) P3HT-H,

c) P3HT-M, and d) P3HT-B samples after UVirradiation. The color map
corresponds to days aging for each sample with the lightest color representing Day 0
and the darkest Day 6.

The relatie degree of polymer aggregation in solution was estimated by
deconvoluting the spectra into amorphous and aggregated contributions through Frank
Condon fits”® ® These aggregate fractions are a structural metric describing the degree of
chain sefassembly into nanofiber&igure 17), but do not provide insight into thes or
absolute quantity of aggregates. Consistent with a nucleation and growth assembly
mechanism, all P3HT samples displayed an increase in the aggregate fraction with solution
aging after UV exposur® Furthermaoe, the increase in aggregate fraction was generally
higher for samples with larger W| and P3HTB and P3HTM exhibited similar

aggregation behavior. A solubiliyependent driving force provides a straightforward
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explanation for the influence of the dibtition of molecular weights on the degree of-self
assembly probed by solution WUXs spectroscopy. The longer P3HHT chains are
inherently less soluble than their short chain counterparts due to a reduction in the cohesive

energy density and increase manglements.
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Figure 17. Aggregate fraction as a function of molecular weight distribution and
solution aging time

A weakly interacting Haggregate model was developed by Spetral. to extract
polymer conjugation length fronmé& absorption spectra of conjugated polymer thin films
and has been applied extensively to P3HT 8 In this approach, the ratio of tH{6-0)
and(0-1) intensities is related to the Coulombic coupling between neighboring thiophene
units through the exciton bandwidthy, of the aggregates. The exciton bandwidth
describes the conjugation length and thus intriacbader; a decrease W is associated

with an increase in conjugation length and thus a more ordered aggregate. The Wwues of

can be estimateakccording to
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wherelooandlo1 are the intensities of the- and (01) transitions, respectively, abg

is the vibrational energy of the symmetric vinyl stretch (taken as 0.18'eV)

The thin film absorption spectra of all samples analyzed are shokigure 18.
A general decrease W was observed foall molecular weights as the solution aging time
progressedHigure 19). Furthermore, the exciton bandwidthinversely correlated with
molecular weight. This correlation was previously studied by Paguaht®®: P3HT with
Mw<50 kDa exhibited &V of ca. 81 meV while an abrupt transitionW~21 meV was
recorded for My >50 kDa. The transition was attributed to a microstructurahgh from
a highly crystalline, chain extended phase present in lawpblymer, to a twephase
morphology composed of an interconnected network of crystalline and amorphous
regions?® 84 8 while the solution aggregation results presented herein suggest increased
crystallinity for higher M, samples, it is aaceivable that for samples withy\M50 kDa,
extended chains provide for interconnected aggregates (as per eaaguilrading to the
observed electrical results. P3HTis likely too low to form a large interconnected
network, and thus charge carrier ity is limited. In contrast, the longer chain samples
are better able to planarize into longer segments tlamnhtain conjugation thereby
facilitating hi gh eMobserved forrigh nolecwlar weightaPBHITe s

suggest that long chains can be sufficiently planarized, thereby serving as tie chains.

40

of



-
—

o
F* -

o
o

Normalized Absorbance (a.u.)

400 500 600 700
c) Wavelength (nm)
1 L T I
3
Bost 1
@
Q2
=
©
206 4
]
w
2
o 04r .
Q
-
®
Eo02F 4
1
=]
=
D 1 1 1
400 500 600 700

Figure 18: Normalized thin film UV -vis absorption spectra of a) P3HTL, b) P3HT-
H, ¢) P3HT-M, and d) P3HT-B samples after UVirradiation. The color map
corresponds to days aging for each sample with the lightest color representing Day 0

Wavelength (nm)

and the darkest Day 6.

rs

Days Aging

%]

Days Aging

Normalized Absorbance (a.u.) =
R -

Normalized Absorbance (a.u.)

41

o
©
T

e ol
e -
T T

o
L]
T

o
o
I

o g
e -]
T T

o
]
T

-

(=]

400

500 600
Wavelength (nm)

-

1 1

400

500 600
Wavelength (nm)

700

o
Days Aging

V]

L8]

Days Aging



100 T T T T
[ = P3HTL ¢ P3HT-M » P3HTB °* P3HTH

> 80 1
£ [
2 6or ., B T
g N =~ “\‘ .
- . N
5
=

o
[\ ]
S
2]

Aging Time (Days)
Figure 19: Exciton bandwidth as a function of molecular weight distribution and
solution aging time.

Though a decrease in exciton bandwidth with concomitantly larger percolative
network is expected to lead to improved electrical performance, enhancedas onl vy
observed for P3HB and P3HTM. Note that P3HIH ex hi bi t ed a | i near
W decreased from 61 meV to 16 meV upon solution aging from Day 0 to Day 4, followed
by a slight increase to 25 meV on Day 6. All samples, regardless of mole&idgnt or
aging time, had similar thifilm aggregate fractionsTéble 4) so it is unlikely that bulk
differences in the overall proportion of crystalline material impacted the electrical
properties. More likely,ite performance was reduced due to the differences in structural
organization mechanisms during drying when starting from solutions with different levels
of aggregation. The reduced solubility of long chains led to higher solution aggregate
fractions in P3H-H (>25% after Day 4). As the solution aging time progressed, visible
variations in film thickness from inhomogeneous drying became more prominent,

accompanied by the deterioration of electrical performance attributes for this sample. This
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suggests thateexcess of solution aggregation ultimately hinders-gtam connectivity,
possibly because there is less free material to participate-¢chdie formation between

aggregates as they come together during drying.

Table 4. Average and standard errors of aggregate fractions extracted by fitting
Frank-Condon progressions.

Day O Day 2 Day 4 Day 6
P3HT-L 76.76 £ 0.74 73.12 + 0.56 74.94 £ 0.30 74.18 + 0.66
P3HT-M 76.90 £ 0.79 74.72 £ 0.52 76.24 +1.31 76.37 £1.02
P3HT-B 73.70 £1.48 73.45 £ 0.24 74.94 + 0.86 75.05 + 1.37
P3HT-H 74.80 £ 0.16 73.13+0.76 75.08 £ 2.78 78.22 +1.02
*units: %

GIWAXS patterns were also collected to examine changes in the crystalline texture

of the thin f#FI nst.aclkamegl Idarstamd e's wer e queé
(010) peaks, respectivelgs shownn Figure 20. In generally, P3HIB exhibits lower

lamellar stacking distances, suggesting tighter packing compared telP&8rTP3HTH,
resulting in improved el-ecdsttracckailn g edifsotramame
all samples is observed after DayThe (100) peaks from the eof-plane profiles were

used to quantify the crystal coherence | er
these structural metrics as a function of solution aging time exhibit an initial increase
followed by a decreases @aimeprogressed from Day 4 to Day 6 for P3tHTand P3HTB

(Figure 20d and €.> % The sudden decrease suggests that paracrystalline disorder
increases at these later aging times. This would be exptrtestiuce charge carrier

mobility; however, mobility was only reduced for P3HHT

43



a) P3HT-L P3HT-B P3HT-H

b) 200 T . . . c) o1 . . . .
£ = P3HT-L + P3HT-B * P3HT-H| g | = P3HT-L + P3HT-B ° P3HT-H
Q
c w038 -
=150 4 w
£ ¢ c L]
o ; 0
5 | =06l x A i
3 100 l O T g & ¢
O B ] = u
Q ‘= 04} i
s 2
9 50 . m
S £02f ,
5] [
T
0 L 1 | 1 0 1 1 1 1
0 2 4 6 0 2 4 6
d) Aging Time (Days) e) Aging Time (Days)
2 17 T T T T T T T T
I | = P3HT-L + P3HT-B * P3HT-H| < 4 [ = P3HT-L + P3HT-B * P3HT-H| A
(4] ——
£ 168 . @
§ - Sssr ¢ #—R—8
0 . [
0 166 b36r W 1
o 16.
2 [a}
= D3tk i
23,

& 164 2 2 . =
& L A g382f -
8 162+ - ‘:’_ 3
] = o T
= & A
j 18 | I | | 28 1 1 1 1

0 2 4 6 0 2 4 6

Aging Time (Days) Aging Time (Days)

Figure 20: a) Example GIWAX patterns of Day 2 thin films for P3HT-L, P3HT-B and
PSBHT-H sampl es. Structur al metrics ineluding
stacking distance, d) coherence lengths extracted from (100) peaks, and e) Herman
orientation factors for P3HT-L, P3HT-B and P3HT-H samples as a function of aging
time.

An incremental broadening of the (010) peak was observed for#BbEginning
at Day 2 Figure 21) and persisting through Day 6, which is not presenP3HT-B. This
suggests that par acer yssttaaclkliinnge ddiirseocrtdieorn iinnc

times for the highMW sample, but not for the blend, which could explain the difference
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in charge carrier mobility. In agreement with the i€ analysis (Figure 17), the
increased level of aggregation in the RV sample limits inteigrain connectivity,

resulting in an increase in paracrystalline disorder.
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Figure 21. In-plane X-ray scattering profiles of P3HT-L, P3HT-B and P3HT-H
samples with solution aging of a) 0, b) 2, ¢) 4, and d) 6 days of solution aging.

3.2.3 Morphological Characterization

The evolution of thidfilm nanofibrillar morphology can help elucidate the role of
the molecular weight digbution on polymer selassembly and its impact on charge
carrier mobility. As discerned from the atomic force microscopy (AFM) imagEgure
22a, the degree of fibrillar alignment and packing density can beutatetl by both
polymer molecular weight and pesV irradiation solution aging time. Immediately after
UV irradiation, neither P3HT nor P3HTB exhibited distinguishable features. This is not

to say that selassembled structures had not formed, but rdtiey were not observed at
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the film-air interface. In the P3HM and P3HTH analogs, the few fibers that were evident
were randomly orientated and embedded in an apparently amorphous matrix of disordered
chains. As solution aging time increased, bothctireesponding unidirectional alignment

and fiber packing density in the thin films increased; both of which were quantified using
an open source image processing algorithrt?> Borrowing from the liquid crystal
community, the degree of fibrillar alignment can be estimated using the orientational order

parameter$p): 1017

wheredhis the angle between an individual fiber pixel and the director of all fibgtise
average orientation of the population of fibers. An image with fully aligned fibers will have
anSyp value of 1, while a radom orientation image will have a value of 0. To quantify the
packing density, a fiber length densify,, is defined as the total length of all fibers per
image area® High degrees of alignment between neighboring fibers likely imply that the
intervening amorphous material is not traljorphous bubas a correlated orientation as
well. This has been probed via correlations between fiber alignment and enhanced mobility
(Figure 23).1%8Whether fiber alignment is caused by tie chains formed in solution, or fiber
alignment results in the formation of tie chains during dryarga combination of both, is

difficult to discernt?®
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Figure22a) AFM phase i mages (5 x 5 &em) -of
coating P3HT solutions exposed to UV irradiation as a function of molecular weight
and solution aging time. b) lllustration of chain backbone vectorization and chain
stacking Monte Carlo simulation.
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Figure 23. Correlations between mobility and a) orientational order and b) fiber
length density as a function of molecular weights for 0 to 6 days aging.

However, knowledge of the location of crystalline grains tghoAFM as well as

the molecular weight distribution of the polymers enables estimation of an upper bound on

the number of tie chains that could form between neighboring fibers. Two key assumptions

go into this analysis: 1) that there is no chain folding, every P3HT chain is fully

extended, and 2) that only adimensional layer of polymer chains at the film surface is

consi

der ed.
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simulations that model the spatial arrangementutly elongated polymer chains on

nanofiber backbones extracted from experimentally measured AFM irffageBolymer

S €

chain lengths were randomly sampled from the measured molecular weight distributions

(Figure 12
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stacking distances measurednfré&sIWAXS (0.38 nn). Figure 22b illustrates the Chain

Stacker procedure from raw AFM phase images to simulated chains forB®HDay

2. Potential tie chain density was calculated as the number of chains fromaonigighb
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guantity is averaged across every fiber in the image. It should be stressed that the tie chain
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density calculated here represents an upper bound and should interpested as an
absolute measurement. Estimations of absolute tie chain densities remain an ongoing
challenge in the field® % The modeled structures do not attempt to resolve the
incorporation of tie chains into a neighboring lattice; only how far each chain could extend

and whether it could reach a neighboring fiber

As shown inFigure 24 all samples investigated here exhibited low orientational
order, fiber packing density, and tie chain density at Day 0, before plateauing at their
maximum values on Day 2. P3HTexhibited a substantially lowep (~0.6),] F (~9),
and tie chai n?)compasdtothie other Samfdles. Indight of the electrical
performance results, the charge carrier mobility in low molecular weight samples was
likely limited by the inability of short chains to interconnect witfighboring nanofibers.

In contrast, P3HIH exhibited significantly highe&p, }rL, and tie chain density with
values of 0. 9 respediveln i P3HA #ilMs achimved high levels of
alignment with chains of sufficient length to form tibains yetdid not produce the
expected charge mobility results: charge transport in high molecular weight samples was
limited by longefrange(< 5¢ np structural inhomogeneitywide suprd. Notably, the tie

chain densities for P3HB ( ~ 0 .})8a@d P8HAM ( ~ O .'Bafe sinitar, despite
differences in polydispersity. This result suggests that the average molecular weight is a
key determinant of the potential for tie chain formation, rather than the distribution as

measured by the polydispersity index.
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Figure 24: a) Orientational order parameter (Sp) of blade coated thin films.b)
Correlation of orientational order with fiber length density. ¢) Simulated tie chain
density from Monte Carlo chain stacking as a function of molecalr weight and
solution aging time.

Crosspolarized optical microscopy (POM) and linearly polarized -W¥
spectroscopy was used to observe the persistence of alignment at the macroscale. The POM
images of all aged samples exhibited clear birefringencetigticomplete extinction and
re-emergence of brightness with rotation from 0 to 45° with respect to crossed polarizers
(Figure 25). This indicates a highly anisotropic structure that is in agreement with the AFM
analsis. The bulk structural anisotropy can be quantified as a function of aging time and

molecular weight distribution using the dichroic ratio calculated fromvi$vabsorbance

spectra [figure 26). This parameter is defined as the ratio of th@)(0Qibronic transition
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peak between incident light polarized perpendicular and parallel to the coating direction.
The dichroic ratio values generally mirror the AR and POM results, suggesting that

the fibrillar structure probed at the mesoscale by AFM is gépespresentative of the
macroscale structure. Moreover, high dichroic ratio values are consistently observed for
P3HT-B and P3HTM, demonstrating that anisotropic alignment can enable high charge

transport properties.
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Figure 25: Polarized optical microscopy micrographs as a function of molecular
weight, rotated in increments of 15° between polarizerfor a) 0, b) 2, c) 4, and d) 6
days solution aging.
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Figure 26: Dichroic ratio indicting the degree of structural anisotropy of P3HT
aggregates on the macroscale as a function of molecular weight and aging time.

Backbone alignment however, does not guarantee improved charge mobility as
illustrated by P3HIH. This sample generally exhibited high levelsalignment, but
suboptimal charge transport properties. A decrease in the dichroic ratio was observed for
P3HT-H at Day 4 and Day 6, mirroring a similar decrease in orientational order (AFM),
decrease in crystal coherence length (GIWAXS), and increaeseciton bandwidth (film
UV-vis). Taken together, these structural changes suggest the presenceiadahon
defectcontaining P3HT aggregates that cause inhomogeneous drying and interrupt charge

transport pathways.
3.3 Discussion

Seltassembly of P3HT in &ation and during the film deposition process can be
framed as a solubilitdriven crystallization problem. Exposure of P3HT chains to low dose

UV light is believed to result in a photoexcitation induced conformational change from an

aromatic to quinoid sticture*> %% | n t he exci t e dorbitaltozerlap, enh
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between adjacent thiophene rings results in increased planarization of the polymer
backbone. This planarization facilitates the nucleation of ordered supramolecular
assembl i es 4 tha okiighagcédsntde chatengdrdependent solubility,

in which longer polymer chains favor polyragolymer interactions over polymsplvent
interactions. Variations in the distribution of molecular weights impact thesstimbly
process in two ways: 1) chasolubility, and 2) tie chain formatior®'*® Chain solubility

will impact the growth rate of crystalline nanofibers while the ability to potentially form
tie chains between nanofibers will impact the interconnectivity of any as formed network.
In this study, the mass concentration of polymer rather than the molar concentration
remained constant, further suggesting that the faster aggregation rate ocHP&ttEs

from a driving force associated with solubility, rather than polymer chain concentration.

An illustration of the proposed sedssembly mechanism is presente&igure 27.
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Figure 27: Illustration of proposed mechanism in solutionwith low Mw (top row),

medium/mixed Mw (middle row), and high Mw (bottom row) after nucleation and

growth. Low Mw samples enhanced chain solubility limits selissembly while the
short chain lengths limits tie chain formation in subsequent solution aging.
Medium/blend samples leverage the enhanced solubility of short chains withtxdain

arising from long chains to form stable percolative networks. High My samples form
interconnected structures, but limited solibility creates grain boundaries with

solution aging.

As discussed abovthe solutionsprior to depositiorstart from different aggregate
fractions, but the solid films end at approximately the same aggregate fraction. Since fibers
rapidly come closer tagher as solvent evaporates, it is highly probable that the additional
aggregation that occurs during drying accounts for some tie chain formatioessT
conditions are necessary to ensure that this final wave of aggregation yields a uniformly
interconneted network of aggregates: (1) aggregates should remain suspended as long as
possible and not phase separate into precipitates that cease to interact with the rest of the
solution, (2) there must be enough free long chains to connect these suspendedesggreg

as they dry and come into closer contacid 3) aggregates must be sufficiently aligned to

ensure conjugation along the tie chain backbonles 6day-aged highMW solution with
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high aggregate fraction presents two problems: large, likely entangtgegates that
phase separate too quickly (showrFigure 27), and a lack of sufficient free material to
form additional tie chains. Conversely, the WV solutions likely have (1) too few
aggregates to start witand (2) not enough free long chains. In the blend, a moderate

amount of aggregated material seems to satisfy both requirements.

Understanding the role of polymer chain length on solubility andassémbly
provides insight into strategies to ensure loergn stability of solution (semiconducting
ink) formulations required for manufacturability. The proposed formation-chiéns has
implications not only on charge transport, but also on the alignment of nanofibers during
blade coating. Soluticbased ik formulations that lack robust structural stability will
translate into unreliable electrical performance during Higlime, solution printing of
low-cost flexible electronics. While filtration techniques could be adapted to remove
undesired precipitateshis would add an additional layer of processfthinstead, the
results presented here demonstrate lthéh short and lorterm stability can be achieved
by tailoring the distribution of semiconducting polymer molecular weights prior to
nucleation and growth. While the average molecular weight appears to be more critical
than the distribution, over multg weeks, the blended polydisperse sample exhibited
improved stability. Moreover, recent studies on the mechanisms of local aggregation,
alignment, and charge transport anisotropynomnsemicrystalline polymers suggest
transferability of this blend appaioh to balance solubility anmblymernetworkformation

to systems beyond P3HFf 109114
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3.4 Conclusion

The need to develop interconnected aggregated polymer domains to form a
percolative network for enhanced charge transport has been at the forefront of studies
pertaining to the design and development of palysemiconductor solution processing
techniques. To date, the polymer electronics community has largely relied on high
molecular weight, low polydispersity index materials to attain thin films of such networked
structures. The results presented here pewadframework to better understand the
interplay between polymer solubility, network interconnectivity and charge transport by
varying the distributions of molecular weights across four samples. Herein, it was
confirmed that selassembly of semicrystalén polymers such as P3HT into
interconnected networks is indeed dependent on polymer molecular weight: low molecular
weight (37 kDa) P3HT displayed slow growth of aggregates after-ardifiation induced
nucleation step affording poorly interconnected,aligmed films exhibiting lower charge
transport characteristics, while the reduced solubility of high molecular weight (95 kDa)
samples of the same polymer resulted in rapid aggregate formation, ultimately leading to
inhomogeneous films that interruptedqaative charge transport. The medium molecular
weight P3HT sample (58 kDa) and one formulated with a blend of shorter and longer chain
length samples (50:50 wt% 37:95 kDa) both displayed superior hole transport
characteristics. The results suggest that solubility characteristics of semiconducting
polymers should be optimized in order to leverage polymer solution properties to achieve
effective, interconnected charge transport pathways. Furthermore, the similar performance

attributes between the blermhd medium molecular weight materials, suggests that
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blending of multiple batches of the same conjugated polymer is a viable approach to

achieving robust and reproducible electronic performance.

From an applications perspective, achieving and maintairtaigies electrical
performance from thin films derived from conjugated polymer solutions is paramount to
enablinga printable electronicsnanufacturing environment. While this work utilized
processing methods to selésemble nanofibrillar aggregates, theatosions obtained on
retaining solubility to form percolative pathwagsiring thin film deposition can be
generalized to include neselfassembling polymers. Here, a consistent mechanism that
links the role of molecular weight to the level of agatémn in solution (process) and
alignment of resultant nanofibrillar aggregates in thin films (structure) with charge carrier
mobility (property) has been presented. Notably, similar structures and properties can be
achieved with formulations comprisingsangle synthetic batch gfolymer orblends of
batches with notably different molecular weights to create samples with similar average
molecular weight but different molecular weight distribution. This characteristic presents
a realistic path to achievinghanufacturable, loweost semiconducting polymer ink
formulations having reliable and reproducible performance attributes, obviating the need

for precision, largescale polymer synthesis on a commercial scale.

COPYRIGHT INFORMATION i Chapter adapted with pe@mission from publisher:
McBride, M.; Persson, N.; Keane, D.; Bacardi, G.; Reichmanis, E.; Grover, M. A, A
Polymer Blend Approach for Creation of Effective Conjugated Polymer Charge Transport

PathwaysACS Appl Mater Interfacez018,10 (42), 3646436474.
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CHAPTER 4. CONTROL OF NUCELATIO N DENSITY IN

CONJUGATED POLYMERS VIA SEED NUCLEATION

4.1 Introduction

Conjugated polymers are typically seanystalline resulting in a distribution of
crystalline states and morphologies in the solid state depending on both the soidtion
thin film processing history. Macroscopic charge transport properties are thus governed by
the assortment of interconnected pathways between highly conductive crystalline domains
and less conductive amorphous regions. A myriad of studies has rewealestructural
features that influence charge transport including i) electron delocalization arising from
ordered crystalline domains, ii) the formation of percolative charge transport pathways
between crystalline domains, and iii) alignment of the chiggaaphic direction relative to
the active channel. Developing processing technigues to understand and control the
dynamic and complex crystallization processes in solution and during thin film formation
to target specific structures is necessary to enlaibyje scale, low cost printing of organic

devices.

Advances in processing strategies to achieve controlled manipulation of the
morphology can be divided into three categories: 1) solution preprocessing, 2) controlled
deposition methods, and 3) saodithte post preprocessing. Pol(@xylthiophene) (P3HT)
has emerged as a workhorse system to study these complex {stocesseproperty
relationships in polymeric semiconducting devices. Advances in solution preprocessing

methods have enabled the repeab | e f or mati on’ odt scknedcriyana
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structures. Highly controlled crystallization methods including-sedfding via cooling

heating cycles and solvent quality manipulatiéit®result in highly crystalline nanofibrils

but are limited by their inability to form percolative charge transport networks. A variety

of other preprocessing techniquesclimling ultrasonicatiof® UV-irradiation®® and
microfluidics® form semicrystalline nanofibril domains that are interconnected via tie
chains enabling percolative charge transport. However, these latter preprocessing methods
lack control over the crystallization processthe manipulated variables are limitednty
processing time. For example, in the case of-il&diation processing is limited to
irradiation time. The ability to more precisely influence the crystallization process could

aid in the reduction of grain boundaries that limits percolative cheagsytort.

Controlled deposition techniques promise the ability to manipulate polymer
crystallization by promoting lorgange alignment between semicrystalline domains to
reduce grain boundaries. Deposition of polymeric solutions has progressed frem spin
coating techniques to sheaoating methodologies that allow tuning of the time scale of
solvent evaporation and/or chain planarization to promoteass#mbly® 1% 117 Zone
casting**® doctor blading® *'° and template guided shear coat@{¢?* have all been
shown toenhance alignment and therebyrtorease the electrical performance of organic
field effect transistorsHowever, these approaches riegucomplex equipment and/or
procedures to prepattern substrates and the blade and still result in the formation of
significant grain boundaries. As an alternative approach, combined solution processing and
controlled deposition protocols have been ingaddd to initialize the crystallization
process in solution before being completed during film formafibim et al. proposed

a general approach of shearating preaggregated polymer solutions using anadhter
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spin coating procedure to manipulate the crystallization prdé&skhey observed
enhanced charge carrier mobilities and mobility anisotropy using this approach with
poly[(E)-1,2-( 3 ;diBctadecy? , -@ithienyl)ethylenealt-dithieno(3,2b : 2 6 , - 30
d)thiophene] (P18), and diketopyrroleopryrolethienofdjthiophene (DPPT-TT).
Similarly, Changet al.studied the use of preformed edienensional nanofibers in solution

prior to a simple blade coating deposition mettfdchprovements in charge mobility were
demonstrated using both P3HT and polg(Rylthiophene) (P3BT), compared with spin
coated nanofibers and blade coated pristine solutions. The importance of forming pre
aggregated polymemohitions before controlled deposition continues to be an active area
of research with recent reports showing improved electrical performance using
P(NDI20D-T2)'?* and PDPPDCBT¥? However, strategies to develop these nanofibers
still rely upon temperatureontrolled crystallization or solvent quality induced assembly
limiting their implementation on an industrstale with continuous dee fabrication.

Facile processing methods to manipulate the nucleation process in the solution phase to

enablein situ structural control remain elusive.

Herein, we demonstrate a facile blending approach to control thasselinbly of
P3HT chainsnto interconnected polymer structures via seed nucleation. Polymer solutions
were pretreated with lowdose ultraviolet (UV) irradiation to induce nucleation into
nanofibrillar structures, which has been previously demonstrated in the litétalimese
crystalline nanofibrillar structures serve as seeds. filwdeated P3HT samples were
blended with amorphous, nanucleated counterparts in different blend ratios to tailor the
relative amount of seeds versus free chains. These solutions were subsequently aged to

drive further growth and seHassembly into an ietconnected network composed of
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crystalline regions connected by tie chains. Enhanced aggregationiofddiated P3HT
solutions was driven by tim@ependent sekissembly (solution aging¥.*?® Therole of

varying the nucleation seed density on structure and corresponding charge transport was
studied in both a batch system and continuous flow appré&acther the impactof the

formed P3HT networks on charge transpwes characterized via organic fieleffect
transistor (OFET) device measurements. Analysis of thevig\éolution and thitfilm
absorption spectra, smalhgle Xray scattering (SAXS), widangle X-ray scattering
(WAXS), and atomic force microscopic (ABMindpolarized optical microscopic (POM)
images informed mechanistic understanding of the relationships between nucleation seed
density, structure of formed networks, and charge transport. Quseaitling of nucleated

and nonnucleated polymer solutions was demonstrated to be a viable approach to control
the growth rate of interconnected networks, an essential characteristic of robust, continuous

large-scale processing.

4.2 Results and Discussin

4.2.1 Mobility Dependence on Seed and Amorphous Chain Molecular Weight

Two P3HT samples having different molecular weights (Mw) and polydispersity
index (PDI) valuesTablel) were evaluated to investigate ideal polymiearacteristics of
the nucleated samples (seeds) and amorphous samples (tie chains). The investigated
combinations of molecular weights are highlightedrable 5. Figure 28 illustrates the
process to produce seed nucleated samples by treating one solution with 8 min of UV
irradiation (nucleated: UV) followed by blending with an untreated sample (amorphous:

AM). Blend ratios of 20%, 50%, and 80% by volume were subsequentlyugyem 48
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hours and deposited via bladeating onto fieleeffect transistors for AFM and electrical
analysist?®Notably, the bladeoating direction is parallel to the source and drain electrode

to produce uniaxially aligned nanofibers per prior reports in the literzfture

Table 5: Sample acronyms and correspnding molecular weights of nucleated and
amorphous components.

Sample Nucleated | Amorphous
Name Mw (kDa) Mw (kDa)
UV37:AM95 37 95
UV95:AM37 95 37
UV95:AM95 95 95
<
—
a3
&
amorphou
<
— ©)
5@3 _>
->
&0
nucleation aging

Figure 28: Solution blending procedure of blending prenucleated seeds formed via
UV-irradiation with amorphous chains followed by solution aging.

Variations in the nanofibril morphology probed via AFM analysis can help
elucidate relationships between polymer network formations and molecular weights of the
seed and & chain polymers. Immediately after biadiation and blending, only the
UV95:AM95 sample displayed discernable features, but only with the 80% nucleated

sample. Notably, this does not indicate that nanofibers were not present, but rather they
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were not fand at the P3H-Rir interface. All samples investigated exhibited nanofibril

morphologies after 48 hours of solution agiRgy(re 29).

UV37:AM95

UV95:AM37

UV95:AM95

Increasing % Nucleated P3HT

o
>

Figure 29: AFM images of P3HT-air interface after 48 hours of solution aging.

Recent advances in AFM image processing has enabled quantification of alignment
and packing density of nanofibril structures to help elucidate relationships between
processing and structurés'®® Figure 30 showsthe AFM imagesof the UV37:AM 95 and
UV95:AM37 samplesafter image processingrhese images suggest that enhanced
alignment occurs when high molecular weight chains are free in solution to form tie chains
between seed crystals. Inclusion of a higher percentage of 37 kDa P3HT regardless if it

was nucleated or not (ie UV37:AM95 or UV@B37) resulted in less densely packed and
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more isotropic fibers ands versaln contrast, the UV95:AM95 sample exhibited densely
packed and highly aligned morphologies, independent of the volume fraction of nucleated
P3HT. Morphologically the improved mjnment and packing density suggests that larger
interconnected networks are formed when both seeds and tie chains are comprised of higher

molecular weight P3HT.
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Figure 30: AFM images and corresponding imageeprocessed results dr the
UV37:AM 95 (top) and UV95:AM37 (bottom) as a function of increasing percent seed
nucleation.

A similar conclusion can be drawn when evaluating the percolative charge transport
properties from OFET analysiBigure 3ladepi ct s the charge carri
three samples as a function of aging time and volume percent of nucleated P3HT.
| mmedi ately after mixing the seed and tie

increase in the percent of nuclehf23HT was observed for all samples. Similarly, solution
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aging increased charge mobility in all cases. Combined, these indicate a nucleation and
growth mechanism via seed nucleation induced crystallization as the seeds provide few
potential pathways for ege transport at O hrs, followed by improved interconnectivity
from additional crystallization with solution aging. Notably, the UV95:AM95 sample
exhibited the highest charge mobility after 48 hours of solution aging with average values
exceeding 0.18 cffV-s, independent of the nucleation volume fraction. In contrast both

the UV37:AM95 and UV95:AM37 exhibit a positive correlation between charge mobility

and percent of nucleated P3HT. These results suggest synergistic enhancements when high
molecular weigts polymers are employed as both seed nuclei and tie chains which can be

attributed to the improved formation of an interconnected percolative network in the solid

state.
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Figure 31: a) Charge mobility and b) solution aggregate faction as a function of seed
and amorphous molecular weight and volume percent of seeds.
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Examination of the solution UVis absorption spectroscopy can help elucidate the
role of solution selassembly on the final thin film properties. Immediately aft#ution
preprocessing, both samples comprised of 95 kDa P3HT seeds display similar aggregation
behavior, independent of the amorphous polymer Mw, as showigume 31b. At this
time point, the addition of the amdmpus solution does not impact the solution -self
assembly but does influence the final film properties as seen in the charge mobility curves
(Figure 31a). The addition of the amorphous 95 kDa solution results in higharge
mobility compared to the 37 kDa P3HT solution, suggesting improved interconnectivity
between the seeds with higher Mw chains during the deposition process. Furthermore, upon
solution aging, the UV95:AM95 sample exhibits more aggregation comparé¢het
UV95:AM37 sample, indicating enhanced thdependent aggregation in solution with
higher Mw chains that transfers during the film deposition. This likely arises due the
reduced solubility of higher molecular chains in solufitnFinally, the decreasing
electrical performance of theM37:AM95 samples at 48 hrs likely arises from the
formation of grain boundaries beginning at the mixing of the nucleated and amorphous
samples (0 hrs). The low aggregate fractions at O hrs, even at a nucleated volume fraction
of 80%, demonstrates that lawolecular polymers do not readily form seed crystals due
to their high solubility. While solution aging with amorphous 95 kDa P3HT does result in
large aggregates as shown via AfMgure 30), this likely arises fronsolubility driven
self-assembly of the higher molecular chains, previously reported in the literature and in

subsequent sections.
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4.2.2 Mechanistic Understanding of Seed Nucleation via Controlled/ASsémbly

The observed tunability of bothehsolution and thin film properties makes the
UV95:AM95 sample a prime candidate to elucidate the mechanism edsselinbly of
interconnected polymer networks derived from seed nucleation. Blends with 0, 20, 50, 80
and 100% nucleated samples were blendddamorphous counterparts and subsequently
characterized after aging in solutidfigure 32 presentshe evolution of the solution UV

vis absorption spectra afl nucleated samples as a function of aging time.
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Figure 32 Solution UV-vis absorption spectra of a) 100%, b) 80%, c) 50%, d) 20%,
and e) 0% nucleated P3HT.

To quantify the degree of aggregation in solution, the spectra were deconvoluted
into amorphous and aggregated contribugidilgure 33a depictsthe change in solution
aggregation fraction as a function of volume percent of nucleated P3HT solution and aging
time. Note that the aggregate fraction does not provide information on thetalsspéuor
quantity of crystals but instead is a bulk measurement quantifying aggregation. Once again,

an increase in aggregate fraction is observed with increases in aggregate fraction and aging
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time, indicating a timalependent seed crystallization sa$isembly process. This
crystallization process was modelled according to the Avrami equation to quantify the

growth kinetics and dimensionality of growth. This equation is given by

—0 — — p APDP® (12

whered ( is the crystallinity at time, k is the growth rate constant ands the Avrami
exponent that describes the dimensionality of the growth process. As seed crystallization
was modelled here, étcontribution of aggregation from the seeafi¥\Was subtracted from

the recorded crystallinity at each time poufj.(
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Figure 33: a) Aggregate fraction as a function of seed percent and aging time from
deconvolution of UV-vis absorption spectra and b) SharpHancock plots to extract n
and k from the slope and intercept, respectively.

The modeled data is generally in good agreement Eqtiiation 12 as shown in
the ShargHancock plots inFigure 33b with the extracted growth rate and Avrami
exponent values tabulatedTiable 6. The low Avrami exponents (<1) are consistent with
previous reports on polymer crystallization studies in which crystal gravtiindered

through the partial incorporation of chains in neighboring crystals or an inability of chain
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segments to diffuse away from the growth fr&it28 Herein, two distinct crystallization
processes are observed depending on the volume fraction of seéglsehlue ok and

lowern are observed with higher volume fractions of seeded P3HT (>50%Wja@nrsa

This suggests that while a large seed ratio results in faster growth of aggregated domains,
the growth process is heavily influenced by the trarisgfachains to the growth front. In
contrast, with a low seed ratio the slower crystallization process allows chains to
successfully locate and crystallize at the growth front. Structurally, this should result in a
mixed crystallineamorphous motif of agggates connected via tie chains with a high seed
ratio compared to 1D nanofibril structures with a low seed ratio. Note that the 20%

nucleated sample exhibits a significantly higher root mean squared er@$)(0.1

Table 6: Growth constants extracted from linear fits of the Avrami equation.

Percent k (hrs?) n RMSE
Nucleated
P3HT (%)

100 0.230 0.420 0.053

80 0.110 0.534 0.057

50 0.240 0.393 0.046

20 0.003 0.974 0.199

0 0.030 0.738 0.029

UV-vis absorption spectroscopy of titn films indicate that the structures formed
in solution survived the deposition process. The spectrum demonstrated distinct
dependence on both the seed volume fraction and solution agingFigouee(34). The

exciton bandwidth (W) was extracted from these spectra to describe the degree of
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intrachain order ac®é&Alow\y cotresponSspta a todgs mo d
conjugation length and high intramolecular order, @sdrersa Again, a timedependent

decrease in the exciton bandwidth was observed for all seedamsbswn irFigure 36a.

Moreover, lowerW values are observed as the volume percent of nucleated P3HT
increases, in agreement with the Avrami analysis. The decrease in exciton bandwidths from
over 75 meV immediately after mixing W values under 50 meV for all satap except

the 0% nucleated sample suggests the growth of interconnected tie chain between
aggregates from a high degree of intrachain order. In contrast, in the absence of seeds, the
exciton bandwidth does not decrease below 70 meV, consistent withrthatitm of

isolated 1D nanofibers.
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Figure 34: Thin film UV -visabsorption spectra of a) 100%, b) 80%, c) 50%, d) 20%,
and e) 0% nucleated P3HT.
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Figure 35 a) Thin film exciton bandwidth and b) Sp as a function of seed volume
fraction and solution aging time.c) Positive correlation between fiber length density
extracted from AFM analysis and aggregation fraction extracted from solution UV
vis analysis.d) Positive correlation between orientational oder extracted from AFM
analysis and aggregation fraction extracted from solution UWis analysis.

The degree of alignment across multiple length scales has been presented as a proxy
for polymer network interconnectivitfzigure 36 depicts representative AFM images after
24 hours of solution aging in which a clear increase in orientation and fiber packing density
( 4u) with an increase in the percent of nucleated P3HT can be observedokhe $.
values calculatd for each image are in good agreement with the solutiofvIg\Vand
Avrami analysis. A clear distinction can be observed between samples with a percent of
nucleated P3HT above 50%, which exhibit @ap Greater than 0.4 with O hrs of aging
before plateauingt 0.9 after 24 hours aging, compared to samples below 20% that exhibit

no alignment at O hrs and require at least 48 hours reaching maximum alighigere (
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36b). Combined with the Avrami analysis, thess $esuts suggest that the degree of
orientational order is likely a strong proxy to quantify the degree of polymer assembly
interconnectivity. Samples with a highespSexperience enhanced interconnectivity.
Furthermore,both the packing density of fiberand orentational orderare strongly
correlated with the aggregate fraction across all samples observed in solution as shown in
Figure 35cand d. A direct and robust correlation between solution characteristics and film
structures has been a lodgsired goal in solution processed organic electronics to enable
in-situ control and monitoring of the solution phase for industrially relevant processing.

The results herein suggest that the-¥ solution aggregate fraction cduterve as this

metric.

24 Hours: Increasing % Nucleated P3HT

v

Figure 36: AFM images of all samples after 24 hours of solution agingith increasing
nucleated P3HT from 0 to 100%

A high degree of alignment was seen beyond the mesoscale using POM and linear
polarized U\tvis absorbanceAlignmentquantified by normalizing the intensity of POM
imagesand the dichroic ratio extracted from polarized-\A¥ analysisas shown ifrigure
37, exhibited similar trends as the AFM argily/ This suggests that orientational order
found at the meso scale also extsthe macro scal@his trend is generally seen across
all samples except in the 100% seed nucleated sample. In this sample, the macroscale order,

as probed via POM images aheé dichroic ratio decreases after 24 hours aging. This could
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arise from the formation of aggregates that are too large to effectively align upon

deposition, resulting in lower orientational alignmastdiscussed i@hapter 2.
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Figure 37: a) Relative intensity extracted from POM imagesand b) dichroic ratio as
a function of seed volume fraction and aging time

Both wide angle Xray scattering (WAXS) and small angler&y scattering
(SAXS) were utilized to probe the role of saadtleation on the crystalline texture on the
mesoscaleFigure 38 shows the representative SAXS images from 24 hours of solution

agingwhile Figure 39 shows the correspondingAXS images.
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Figure 38 SAXS images of a) 100%, b) 80%, c) 50%, d) 20%, and e) 0% nucleated
P3HT after 24 hours of solution aging.

Figure 39: WAXS images of a) 100%, b) 80%, c) 50%, d) 20%, and e) 0%ucleated
P3HT after 24 hours of solution aging.
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These results suggest, in agreement with thevidvand AFM analysis, that a higher
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fraction of seed nuclei results in structures with a lower degfrparacrystalline disorder
manifesting in increased local crystallinity and masd macroscale alignment. Notably,

the 50% nucleated P3HT sample displays a linear increase in coherence length along the
(100) direction with solution aging time from 91 @mt0 hrs to 117 nm after 48 hours. This
likely arises from an optimal balance of seeduced growth in solution with the film

formation process during blageating.

Ultimately, the structural features proposed through tipeior characterizigon
should manifest in differences in electrical properties. Electrical charge transport properties
were characterized through OFET analysis of transistors operating in the saturation regime.
All transfer curves displayed thgpical features of ghannelOFETs operating in the
accumulation mode. The extracted charge carrier mobility and threshold voltage results are
presented ifrigure 41a and b. Immediately after mixing the seed and amorphous samples
(t = 0 hrs) charge transport is driven mainly by the presence of seetishaseased from
4x103c?/V-s with 0% seeds to2x10* cn?/V-s with 100% seedAging of the solutions
results in a general increase in the measured charge transport properties. Notaldg, the 20
seed samplexhibitst he | ar gest enhancement in el ectr
3.3x10%cn?/V-s to mobility values exceeding 1.9 x4€nv/V-s after 48 hours of solution
aging. As suggested in the characterizatiistussionabove,the incrase in electrical
performancearises due to the formation of structural motifs that are more conducive to
transport. The results shown here indicate that samples comprised of 20%, 8@%pand
P3HT seed volume fractions can effectively form interconneptdgimers networks
resulting in enhanced charge transport. In contrast, the 100% P3HT seed chséramd

an aggregated structure, but further aging results in the formation of grain boundaries that
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disrupt charge transport. The 0% P3HT seed caseely kkibjected to aucleation and
growth mechanism that promotes the formationacdmall number ofiD nanowires
Notably, the degree of aggregation in the 0% P3HT seed case is similar to that of the 20%
case Figure 33c) so the main difference between these two samples is the relative number
of nuclei. The 0% P3HT seed case lacks nuclei distributed throughout the medium resulting

in the formation of grain boundari@sat disrupt charge transport
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Figure 41: a) Charge carrier mobility and b) threshold voltage extracted from OFET
analysis as a function of seed volume fraction and solution aging time) Positive
correlation between charge mobility and solution aggregate fraction.

Overal, this study suggested that the nucleation and growth rate can bebtuned
varying the volume fraction of P3HT seeds added to an amorphous sample with subsequent

solution agingBy varying the seed volume fraction in solution, the mechanism of growth
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has been shown to vary between 1D nanofibarslow seed volume fractions and
interconnected polymer networks with high seed volume fractidoable the degree of
aggregation in solution can be manipulated via the percent of, segggestinghe use of
feedback control systems to precisely control proesascture relationships in large scale,
industrial settinggFigure 41c). Furthermore, the ability to obtain similavalues despite
differences in the quantity of seeds indicates a robust processing method -®@86 20

seeding.

4.2.3 Mechanistic Understanding of Seed Nucleation via Controlled/A3sémbly

As industrialscale rolito-roll printing of large area solution pmessable organic
electronic devices continues to advance, morphological control must process from batch
experimentsinto continwus flow systems.Figure 42 illustrates the continuous flow
microfluidic setup in whichtwo polytetrafluorethylene(PTFE) tubes (Cole-Parmer
Instrument Companygf inner diameter of 0.762m and length 3.361 were connected to
syringe pumps containing dissolved P3HT in chloroform. One of the tubes was exposed to
UV light over a residence tinef 15 seconds to form nucleated P3HT before mixing via a
static mixer with a nomucleated sampig The mixture subsequently flowed through a
recollection tube to promote nanofibrillar and polymer network graBitide coating onto
OFET substrates and glaskdes for characterization wasmpletedapproximately 5

minutes later to reduce the impact of aging affects.
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Figure 42: Continuous flow setup in which P3HT solutions are pumped through
PTFE tubing before mixing in a static mixer. The UV-irradiation residence time is
fixed at 15 seconds. The pump flow rate and tube length after mixing are the varied
process parameters in this system.

A two-level, twofactor experimental design scheme was used to investigate the
impact of flowrate and recollection tube length on P3HT -ssiembly into ordered,
interconnected fibrillar domains. The high and low levels for the flow rates were 0.025
ml/s and 0.0125 ml/s while the recollection tube length was either 1.5 m or 4.5 m. These
settingsare summarized iable 7. To compare the results to the batch studies conducted
in this study, the same molecular weight mixtures (UV37:AM95, UV95:AM37 and
UV95:AM95) were used to screen for the impact of chaigtlelon seed and amorphous

chain properties.
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Table 7: Continuous flow settings for the recollection tube length and flow rate.

Sample Name Recollection Tube | Flow Rate | Aging Time
Length (m) (ml/s) (s)
LL:LF 15 0.0125 274
HL:LF 4.5 0.0125 82.1
LL:HF 1.5 0.0250 13.7
HL:HF 4.5 0.0250 41.0

*Sample names: Low (L) and high (H) settings of tube length (L):flow rate (F)
*Eg LL:LF has low tube length and low flow rate settings

*All samples exposed to 15 s of Uxfadiation by chanigg tube length exposed to light

02 T T T T
™ 4 UV37:AM95
2‘ & UV95:AM37
“'E 0.15 ¢ UV95:AM95 |
L
> ‘
= 01 T — o -
: -
-
p ¢ =
©0.05 -
©
=
&)
1 1 1 1

LL:LF HL:LF  LL:HF  HL:HF
Continuous Flow Settings

Figure 43: OFET charge mobility from the continuous flow system as a function of
flow settings and molecular weights.

Figure 43 highlights the charge caer mobility results as a function of sample
(seed: amorphous ratio) and flow conditions. Generally higher charge carrier mobility
values were observed for samples withigh amorphous P3HT M/ (95 kDa) regardless
of the MW of the P3HT seedn agreement ith the results obtained in the batch studies

shown in Figure 28 The mobility values for these samples (UV37:AM95 and
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UV95:AM95) exceed @9 cnt/V-s, with the exception ofhe LL:HF sample flow

condition.In contrag, UV95:AM37 with a low molecular weight as the amorphous sample,
exhibited significantly lower mobility, ~0.07 &iV-s. The differences in the mobility

values likely arise from the degree of interconnectivity as reported in the batch discussions
above.Notably, the mobility values observed in the continuous flow study are generally

lower than the batcH8-hour aged resultsHigure 28). Thi s coul d aFfri se di
processingo of t he c o nresifutherooptimization ora digirctmp | e s

selfassembly mechanism.

UV-vis absorption spectra of the solution stdépictdistinct differences in the
assembly behaviour in solutitmetween continuous flow processing and batch processing.
Figure 44a depictsthe aggregate fractions obtained via continuous flow processing as a
function of seed and amorphous molecular weights and flow processing conditions.
Generally, higher flow rates result in larger aggregate fractemerdless of the molecular
weights of the seeds and the tube length as seen in the LL:HF and HL:HF conditions with
aggregate fractions exceeding 30%hasesamples. This likely arises from the increased
shearthat helps to planarize individual chains flarm aggregate® The increased
aggregate fraction of the UV95:AM95 (37%) sample at the HL:LF condition compared to
the UV37:AM95 (27%) and UV95:AM37 (25%)) is likely a combination of the decreased

solubility of the longer chains and the longer residentkdriube systems.
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Figure 44: a) Aggregate fractions obtained via the continuous flow system as a
function of molecular weight and flow settings and b) Correlations between aggregate
fraction and charge mobility for all processirg conditions conducted in this study.

Notably, the aggregate fractions obtained via the continuous flow system are
substantiallyhigherthan their batch counterparihis is shown irFigure 44b with the
aggregate fiction and corresponding charge carrier mobilitgtted as a function of
processing conditionfor all datapoints collected in this studyote that thesquares
represent the continuous flow data presented in this section, the triangles are the batch data
from Section 4.21, andlight circles represent the data collectedha previous section,
Section 4.2.2A strong positive correlation between aggregate fraction and charge mobility
exists for all batch processing as an increase in aggregate fractidts i@ enhanced
charge transport. Howevean increasein solution aggregate fraction obtained during
continuous flow processing does not resulimprovedcharge carrier mobilityThis could
arise from the combination of two effects 1) there exist#farent mechanism of self
assembly in continuous flow processing compared to batch processing or 2) the continuous
flow system has resulting in Aover process

transport through grain boundarieStudies byWang et al. have hypothesized the
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formation of shiskkebab structures that differ structurally from interconnected

nanostructures through examination of the stmestobtained via AFM analysi¥: 82

Differences in the thin film morphology alignment and packing density can be seen
via quantification of AFM imaged-igure 45a and cdepictthe orientational alignment
(S2p) and fiber packing density from AFM images as a function of seed and amorphous
chain molecular weight and continuous flow settings. The UV9®RAKample exhibits
enhanced alignment and fiber gging density compared to the UV37:AM95 and
UV95:AM37 samples but this does result in improved charge carrier mobilgyre 43).
Similarly, to the aggregate fraction analysis, devices fabricated from continwous fl
processing cluster in distinct areas when plotted against charge carrier méimjitse (

45 and d). The features that form during continuous flow processing are striigtural

different from those formed in batginocessing.
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Figure 45 a) Sp order parameters obtained via the continuous flow system as a
function of molecular weight and flow settings. b) & and charge mobility for all
processing conditions conducted in this study. c) Fdy length density obtained via the
continuous flow system as a function of molecular weight and flow settings. d) Fiber
length density and charge mobility for all processing conditions conducted in this
study.

In light of the report processtructureproperty relationships reported herein,
several key points of interest require discussion. Firstly, in this statbh processingas
shown toobtain higher electrical properties bequiresthe cost of additional processing
time (solution aging). Furtherore, it is unknown if structures formed during batch
processing can be subsequently flown through nozzles to enable desiradrabll
printing. In contrast, continuous flow process exlatibwer electrical properties this
study, but at the benefif a more robust and facile processing metfdks is not to state

that continuous flow processing results in structures that are detrimental to percolative
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charge transport but rather that subsequent optimization experiments exploring the impact
of tubelength or tube size need to be conducted. Secord\charge mobilities of all the
samples (UV37:AM95, UV95:AM37 and UV95:AM95) are consistent regardless of the
tube length or flow rateF{gure 43) compared to thdependence on aging time and seed
volume fraction demonstrated in the batch studidss suggests a more robust and
consistent seldssembly process in continuous flow compared to batch processing.
Overall, the quantification of procesgructurepropert/ relationships can help guide the
transferability of processing methods from batch to continuous flow systems that may be

required to enable industriatale solution printing of organic electronic devices.

4.3 Conclusions

The use of seed nucleation as acpssing method in organic electronics enables
precise control of the nucleation and growth rate in solut@mtrol over the growth of
semicrystalline nanofibers is essential to the development ofpeigbrmance OFET
devices. Supramolecular ordering amgstal alignment on both the mesmd macroscale
was greatly enhanced through the addition of seed nuclei prior to solutiontdgiea, it
was found that the molecular weight of both seed crystals and amorphous chains is a key
processing parameter tenable the growth of interconnected polymer networks for
percolative charge transport. Higher molecular weight chains can more effectively form
seed nuclei due to the lower solubility of the long chains. Furthermore, higher molecular
weights samples areetier served as the amorphous component due to their ability to

interconnect crystalline domains.
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Strong correlations between the solution aggregate fraction and charge mobility
values were observed in batch processing studies. This may enable feeditack co
systems that can be implemented to add more seeds or amorphous chains to maintain an
ideal solution structurdt is likely that a similar approach can be adopted to further control
the selfassembly in the continuous flow systemce an optimal pr&ssing window is

discovered that results in the formation of fewer aggregates (aggregate fraction <20%).

The results provided hewsderscore the importance of control over the formation
of grain boundaries and interconnected networks for polymeric sathictors. As such
the results found in this study using P3HT should be generalizable to otressatibling
polymer systems such as PBTTT. Furthermore, it is expected that other methods to initially
form seeds, such as solution aging or poor solveditian, would be applicable to this
approach.The systematic quantification of processuctureproperty relationships is
essential as the development of organic electronic processing methods transfer from lab

scale curiosities to high volume manufaatgri
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CHAPTER 5. A GENERAL APPRAOCH TO DEVELOP
GLOBALLY INTERCONNEC TED CONJUGATED POLYMERS

VIA POOR SOLVENT MANIPULATION

5.1 Introduction

The complex role that the choice of solvent plays in the morphological evolution
of conjugated polymers from the solution stat® ithin films, has been of key interest
since the discovery of solution processable organic electrghig$!*! Understanding of
the role of solvents on morphology has progressed tinemise of binary solvents towards
tuning the solvent quality through cosolvent addition. The selection of the good solvent, a
solvent with energetically favorable in&éetions with the polymer, can reduce
entanglements and promote chain elongatidme addition of a poor solventhat has
unfavorable interactions witthe polymer can enable sel§sembly obhggregatess the
chains reorganize to minimize unfavorable iattions in the solution pha$é
Furthermorethe useof cosolventswith differing volatilities and surfee tensionsadds
increased complexity to the formation of structutagngthin film deposition processes
More recently, efforts to select solvents that are compatible with multiple components, for
example elastomenmsith conjugated polymert enable setchable devices, have been
investigated® The potential to elucidate procesperty relationships that generalize
across multiple conjugated polymer systems makes the cosolvent approach a promising

approach for large scale, industrial applications.
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Although significant advances have been made towards demonstrating multi
solvent systems as an industrially relevant processing technique, several challenges remain.
The mechanism of poor solvent drivassembly relies upon minimizing unfavorable
interactions between polymers and poor solvents. This mechanism has been hypothesized
to form nanofibers with enhanced intramolecular ordering but limited intermolecular
connectivity; fringe chains that could pot&l form tie chains are instead retracted due to
the poor solvert® Processing methods to promote the formation of interconnected
polymer networks through manipulation of the cosolvamsequired forenhanced charge
transport Furthermoreelucidatingtherelationship between cosolvent selection -
dependent selissemblyis essential for the formulation of reliable and robust ink
formulations The role of timedependent selisserbly has beepreviously demonstrated
to enhance charge transport propertiebinary solventsystems bubhas not yet been

applied to cosolvent systems.

Herein, we proposea generalblending approachto optimize interconnected
polymer networkdy controling the volume fraction and tirmdependent selissembly
usingcosolvent additionThis approach was demonstrated using the conjugated polymer
poly(3-hexylthiophene) (P3HT) dissolved in chloroform witimthylpentane (P) as
the poor solventThe role & time-dependent selissembly was investigated by 1) adding
poor solventfollowed by solution aging2) solution aging followed by poor solvent
addition and 3) comparing to a control sample without poor solv&nalysis of the
solution and film U\vis alsorption spectra, smadingle Xray scattering (SAXS), wide
angle Xray scattering (WAXS), and atomic force microscopic (AFM) and polarized

optical microscopic (POM) images were used to elucidate the mechanismagsatibly
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in cosolverrdriven selfassenbly. It was found that aging a polymer solutfior to poor
solvent addition forms an interconnecting polymer network with enhanced charge transport
properties as characterized via organic fiefiiect transistor (OFET) device measurements.
Time dependat selfassembly was also observedpmly[2,5-bis(3tetradecylthiophef2-

yhthieno[3,2b]thiophene](PBTTT) demonstrating thgeneralizability of the approach.

5.2 Methods

Consistent with the other studies in this thesis, a constant concentration of 5 mg/m
of P3HT in chloroform was used. P3HT was dissolved in GHAE55°C for 20 minutes
and subsequently cooled to room temperature for 15 minutes. In the Age:Poor sample,
P3HT was withdrawn from this stock solution at times of 0, 6, 24, and 48 hours and adde
to 4 ml borosilicate vials followed by the addition of 20% by volum@g-ofethylpentane
(2-MP) to each sample. The vials were then stirred at 300 RPM for 5 minutes to ensure
homogeneous mixing of the good and poor solvents. Device and structural clzatiahe
were then conducteaccording to the procedures outlineGhapter 2. In the Poor:Age
sample, 20% of-MP was added to the cooled stock solution and stirred at 300 RPM for 5
minutes. Device and structural characterization were then conducted iatehe(D hrs)
and at 6, 24, and 48 hours. Finally, the Age sample served as the control without poor
solvent. All samples were stored in ambient conditions in the ddmse processing

methods are illustrated Figure 46.
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Figure 46: Illustration of investigated processing methods to investigate role of poor
solvent addition and timedependent seHassembly.
5.3 Results and Discussion

5.3.1 Mechanistic Understanding of S&sembly using P3HT

5.3.1.1 Solution UV-Vis Characterization

Solution U\tvis absorption was used to characterize the degree edssafnbly in
solution. The absorption spectra of the three investigated cases termed Age:Poor,
Poor:Age, and Age are shown kigure 47. The broad peak centered at ca. 455 nm
corresponds to isotropic chains with random degrees of conjug@tieraddition of poor
solvent, in the Age:Poor and Poor:age samples results in the development of shoulder peaks
at ca. 615 nm (@) and 570 nm (@). These peaks arise from the increase in conjugation
length as chains planarize and ssdsemble in nanofibril aggregates. The -U¥
absorption spectra can be deconvoluted into aggregate and amorphous contributions by
fitting the vibrionic peaks to Frani€ondon progressionBigure 47d depicts the extracted
aggregate fractions of the three samples as a function of solution aging time. The solution
without poor solventand relies purely on tim@&lependent selassemblydisplays an
increase in the aggregate fraction from 2% at tirie 14% after 48 hours of solution
aging. In contrast, the Age:Poor and Poor:Age samples display a small increase in

aggregate fraction upon addition of the poor solvept)(before a large increase to ca.
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