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Abstract

It is of great significance to develdpconjugatedsemiconducting polymerfer various kinds of
printedorganic electronicapplications such agganic solar cells (OSCaphdorganic fieldeffect
transistors (OFET)s Solar energy has been redgd ascrucial clean and sustainable energy
resourcego address the growing worldwide energy crisis and replace traditional fossil fuels to
reduce the carbon emission and proteetenvironmentOSCsor organic photovoltaics (OPR3)
that candirecly convertsunlightto electricity, haveshown be advantageodsie totheir light
weight, low costandhigh potential to manufacture deviogih large aredy solutionprocessable
printing technologies. Recently,has been reported thaiany OSCscomprised ofnonfullerene
acceptors(NFAs) and widebandgap donor polymer@NBGs) have achiev& high power
conversiorefficiency (PCE)of over17%.Nevertheless, there are still some essthat hinder the
commercialization of OSCgd.he high synthigc cost of organic semiconductor materials and the
use of toxigorocessingolventsare problems to be solved urgently.

Indolin-2-oneis a weltk n o weconjugated buildindlock, which is found in natural dyes and
pigments suchasindigo dye and Tyrian Purple. Recently, indellrone has been used as an
electronwithdrawing or accepting moiety in numerdugh performanceolymer semiconductors
for OSCs and OFETSsIn this work, a series of Type Il doracceptor polymers witklectron
donor backboneomprised obenzo[1,2b:4,5bd dithiophene (BDTyand thiophenandelectron
acceptor side chains madeionflolin-2-one weredevelopedor OPVs and OFETsSpecifically,
PTIBDT and its fluorinated counterpart PTIFBDW¥ere synthesized via the Stille-coupling
polymerizationmethod which havewide optical bandgaps around 1¥, therebyachieving
complementary light harvesting witn NFA material ITIC Both polymers have bw-lying

highest occupied molecular orbif®OMO) energylevel of ca.-5.6 eV, which may help achieve



high open circuit voltage 4. As the channel semicondoctin OFETs, PTIBDT and PTIFBDT
exhibited hole mobilities up to 0.0044 t's®! and 0.0026 chV!s?, respectively.When
PTIBDT and PTIFBDT were used as donaigh ITIC as the acceptor i@SGs, high PCE up to
8% and7.70%were achieved, respectively. The high PCEs were largely contributédibligh

Voc 0f 0.97 andlL.0 V, respectivelydue totheir very deepHOMO levek. On the other hand, the
current density §J and fill factor (FF) oflevicesbasedonthe PTIBDT:ITIC and PTIFBDT:ITIC
blends wereelatively low, whichmight bepartially relatedto the hole trapping by the electron
rich nitrogen atom in thendolin-2-oneunit. This is evidenced by the very large threshold voltage
(Vi) of ca.-30 V, which indicates the existena# massivehole traps in both polymers.
Substitution at the position ofindolin-2-one with the electrorwithdrawing fluorine atom in
PTIFBDT in order to decrease the electron density of the nitratgen appeared tbawe little
effect onreducing the W or the number of hole traps in tBdETs based oRTIFBDT compared
with PTIBDT. Therefore, strong electramithdrawing acetyl angropiony substituents were
directly introduced to the nitrogestom in theindolin-2-one unitto exert a stronger effean
lowering the electron density of the nitrogen and reducing the hole ffapsresulting two
polymers PTIABDT (having acetyl substituentand PTIPBDT(having propionyl substituents)
showed similar HOMO energy levels, but lower lowest unoccupied molecular orbital (LUMO)
energy levelsleading tonarrowed bandgaps of 1.83 eV and 1.84 eV, respectiValy .reduced
LUMO energy levedindicateasignificant electron withdrawing effect of the acetyl and propionyl
substituents on the overall reduction of the electron density of the nitrogermatbtine indoh-
2-one side chairAs expectedOFETs basedn PTIABDT exhibitedvery small \4, (less than 2
V), indicatingthat the number diole traps in this polymédras been greatly reducethe devices

alsoshowed muclincreasechole mobility of up to 0.015cn?V-1s?. Surprisingly, OFETs based



on PTIPBDT did not show a reduction in4/in compaison with PTIBDT (having methyl
substituents)Thermal gravimetric analysis (TGAJ PTIPBDT revealed that the propionyl groups
are thermally unstable, which started to decompose at ca. @0®ince this polymer was
synthesized at 90C for 18 hrs, some of the propionyl groups might be lost durihg
polymerizationprocess The nitrogen atoms without the propionyl substituents would act as hole
traps, which might explain the large.¥nd rather low hole mobility &.007cn?V-1s? compared

with PTIABDT. Although the OFET performance was improy@&Cs based on PTIABDITIC

and PTPBDT:ITICshowed lowJsc and FF, resulting in rather low PCB8 3.99% and 3.29%,
respectively. Replacing ITIC with HIF, the OSCs based ®TIABDT:IT-4F showed a slight
improvement in PCE of up to 4.48%he poor OSC performance for both polymers migtdume

to thelow crystallinity of polymersandpoormorphologyof the polymer blends

Lastly, awatersoluble conjugategolymerbased on isoindigo (IDPIDBT, has beendeveloped

to avoid theuseof toxic halogenated solvenfisr processing the OSCs and OFEIfsvas found
thatintroduction ofbutyl sulfanate groumn ID couldmakelD monomer andhe resulting PIDBT
polymerwatersoluble,which has the potential for fabricating OSCs and OFETs using water as

the processingolvent
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Chapter 1 Introduction

1.1 Overview of Organic Solar Cell

Facing the worldwide growing energy crisis, it is of great significance to develop clean and
sustainable energgources so that the traditional fossil fueds be replaced, and more and more
attention has been focused on the usage of
and protect the environmentPhotovoltaic technology involves the capability to directly convert
the sunlight into the electricity via suitable semiconducting matefidlsiong the commercially
available photovoltaic devices, silictmased solar cells still dominate this fiekeverthelessthe

high cost of silicon solar cells has limited the wagmlication andurther commercialization of

this kind of device. Organic solar cells (OSCs) which are considered as the representative of third
generation solar cells have baarestigatedo be highly promising for future energy resources
due tothe advantagesuch aghe light weight andeasy fabrication with low cost materiafs
Additionally, OSCs make it possible to manipulate scalablearga devices with low cost using
solutionprocessing printing methods$:°

Currently, the most effective OSC deviasdoptthe bulk heterojunction (BHJ) architecture as
illustratedin Figure 1-1 (b) which involves a blenflim of an electrofrich donormaterialand an
electrondeficient acceptomaterialwith nanoscale phase separatidhtheinitial stage of OS€ 6
exploration Tang introducedhe double layers containing donor and acceptor split layleichw
meana bilayer heterojunction architecture as indicateigure 1-1 (a).° This simple bilayer
heterojunction has been reporigitiely applied in small molecule solar celland a PCE of 4%

has been obtained topper phthalocyanine andd@SC device in the bilayer configuratich.
Neverthelessthe power conversion efficiency (PCE) in this bilayer structure is limited because

the efficient charge separatioanonly be achieved at the doracceptor interface argand thus



only excitons within a short distance of-20nm away andiffuse to the interface causing the loss

of photon absiption. >1°As a resultthe BHJ configuration was later developghich has been
considered athe mosideal photovoltaic structure for OSC deste overcome the primary issue
caused by the bilayer structure due to the short length of exciton diffusion which seriously restricts
the thickness of active layef The BHJ architecturean form a bicontinuous interpenetrating
network achieving preferred separated phase state between donor and acceptor in nanoscale
Unlike the bilayer structure where the donor and the accpptme aréhoroughly split away, the

two phases are intimately intermixts 0 t he name fdbul k heterojunct
D/A interface @anbe reached within a few nanometers at any point in daooceptor composite.

This configuration consequently increases the D/A interfacial areas for the excitons, which mean
the electrorhole pais that are produced afteabsorption of photongo dissociate because the
required traveling distance for @tons to the D/A interface W be reduced. Consequently, the
exciton dissociation at the D/A interfacdIvibe very efficient to generate enough free carriers and
hence large charge photocurrent generatidf? In addition, the photovoltaic effect which
involves the conversion between photoergly and electrical energyralso be enhanced since

the BHJ structure improves the charge collection at the electrode via providing charge transport
pathways.

(a) (b)
B acceptor M donor

Figure 1-1 Bilayer (a) and bulk(b) heterojumtion of organic solar celfl.




The D/A composite in BHJ solar celhiicbe prepared by solution procegstechnology which
makes it possible to fabricate OSC desigdth large area of active layer in large scale and low
cost.®® In such a BHJ solar cellhe D/A blend is typically packed between a transparent anode
which is indiumtin-oxide (ITO) in mostases and a cathode which is typically metile shown

in Figure 1-2, a representative scheme is presented, whpotyé3,4ethylenedioxythiophene )
poly(styrenesulfonate) (PEDOT:PSS) layer is introduced abdlegransportfacilitating layer

so that the contact betweanode [TO glass)and activeD/A blendlayer is improved!? Indeed,
such OSC device structure is known as conventional BHJ dduimger¢ 1-3), and sometimes an
electron transport layer is also introduced often utiliZii@y, CsCQ and LiF. The m&l electrode
includesa metal with low work function like calcium and aluminum. The main limitation of
conventional OSC device arises from the easy conversion afdokfunction meal to insulating
oxides so that the performance of the OSC degrades rapidiyorder tosettlethis issue, it is
necessary to encapsule the OSC device with expensive packing materials to prevent the exposure

to water and oxygen.

‘A‘I}cii'ye iayer

4

Figure 1-2 Diagram of the structure of a typical bulk heterojunction organic solaftte

Inverted BHJ organic solar cell configuratidiigure 1-3) was developed to improve the device

performance via reducing the active layer degradation and increasing the interface Staitity.



term Ainvertedod describes an opposite | ayer
charges® OSC with inverted structureanbe fabricated on rigid glass or flexible plastic substrate
which is coated with the transparent ITO as cathode whereas the ITO is used as anode in the
conventional BHJ devices. An electron transport layer utilizédesincluding TiOcand ZnO in

the inverted structure in ayppositeposition of this layer in the conventional device. Similarly

with the commonly used PEDOT:PSS as the lfedditating transport layer in the conventional
architecture of OSC, the materials used for this latyeolve p-type oxides, Mn@ V20s, and
PEDOT:PSS ett® Moreover, ametal with high work-function such as gold and silver is
introduced as the anode in the inverted BHJ device, and this vestalble m&al enhances the
stability of the device. Consequently, the inverted device exhibits much betteorenental
stability under ambient condition mainly due to the removal of unstable lowfwodkion méeal

as well as substituted usage of PEDOT:PSS in the hole transport layer which affects the stability
of the OSC device because of the acidic natuialditionally, the Ohmic contacts get improved

in the inverted architecture leading to enhanced collection of ggesterated charges and
therefore bter photovoltaic performancé So far the most efficient BHJ solar cell devices have

been reported tadopt the inverted architecture.

Electron transport layer Hole transport layer
3 Hole transport layer I, ———3 Electron transport layer
Anode Cathode
Glass substrate Glass substrate

Conventional architecture Inverted architecture

Figure 1-3 Schemic illustration of a conventional and inverted architecture of bulk heterojunction

(BHJ) organic solar cellt’
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1.2 Working Principles of Organic Solar Cell

The operation process of an OSC devi@@nbe explained step by step as illustrated in Figude

(1) When light irradiates the active layer which is a D/A composite, other donor (channel 1) or
acceptor (channel 2)ilvabsorb photons to generate excitons that refer to coulombitadlng
electronhole pairs.

(2) The excitonscan subsequently diffuse to the D/A interfacial areas and then separate or
dissociate to free carriers including free holes and free elecirbasdissociation driving force is
provided bythe energy level difference or offset between donor and acceptor material, so that is
LUMO level offset determining electron transport and HOMO level offset determining hole
transport.

(3) After the dissociation of excitonthere wil be trangort of free electrons from donor to
acceptor through LUMO level driven by the LUMO energy offset in channel 1and further transport
in the D/A interpenetrating networlSimilady with free electrons, the free holes produced in
channel 2 will be transferreilom the acceptor to donor through HOMO level driven by the
HOMO energy offset and then continue the drift in the donor domains.

(4) The free charges are finalcollected by the cathode and anoelectrodesto produce
photocurrent®#:10.18.19

The key factor for efficient excitodissociation igo maintain the comparable magnitude between
the exciton diffusion length and D/A separation phase ler@therwise, the power conversion
efficiency will be loweredas a result othe loss of excitons via radiative or nonradiative

recombinatbn before reaching D/A interfact.
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Figure 1-4 Operation mechanism of OSC deviae BHJ solar cell structurée, (1) exciton
generation (2) exciton diffusion (3) exciton dissociation(4) transportof free carriers; (5)
collection of free carriers at electrodés.

A representativeurrent densityersusvoltage (V) curve of OSC device under light illumination
which is normally AM 1.5G100Mw/cnt is showedin Figure 1-5. Three critical parameters
involving short circuit current densitys@)] fill factor (FF) andopen circuit voltage (M) are
illustratedin this figure. & and \in stand forthe ficurrent density andfivoltaged when t he
reachs the maximum value meaning the maximum poidkd. The power conversion efficiency

(PCE) is defined by Equation 1:

v w o Uya 000 = "00
0O Yo_vo -~ 1
Ve @

Pinin the equation means the total incident light input power. Accorditigg@quation, the PCE
should be proportional to the values &f ¥oc, and FF, and all these values should be maximized
in orderto maximize the PCE.

Generally speakingsdstands for the highest current density treat loe achieved for the OSC

device, and this valueanbe affected by several factors that are related to photocarriers generation:
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photonsabsorption ability of the activB/A blend film, exdtons dissociation efficiency at D/A
interfadal areas transportof free carriersn donor and acceptaounterpartsand the charge
collection efficiency at electrode®For the active layer with fixed light absorption profile, the
limitation of Xcis thecharge carriermobilitiesdepending on the material nature and the nanoscale
morphology of the thin film which is very difficult tavatrol and optimizet°

In OSC devices, the values ofrereported to be proportionalhglaied with the energy level
offset between the HOMO level of the donor and LUMO level of the acceptor. Under the open
circuit conditionsthe accumulation of photgenerated free carriers on the electrodes causes a
potential difference without current flow, and tpatential differencéetween anode and cathode

is Voe, also the maximum voltage the OSC deviea afford. 2 To quantize this parameter,

Scharbef? introduced one invaluable equation:
[ - 0 ™ (2)
In this Equation 20 representthe lowest optical bandgap between donor and acceptor materials.

Many OPV systemshave beelnvestigaté to estimatehe empirical value of energy Ies0.3eV

as shown in Equation 2, whighould be due tahe disorder of phase separation of donor and
acceptor domaingesulting inrestrictedtransporof charge carriergl?

Fill factor is defined by the ratio betwetre power at maximum poifdv x Vm) and the alue

of k¢ % Vocas shown by Equation 3

00

(3)
This value is determined by the effective chacgeriers collected by the electrodes. There is

indeedpossibility for free carriers to be recombined or extracted by the electiddrse the

lifetime and mobility of free caiers should be enhanced to increase the drifting length of the



charge carriers so that theye able taeach the electrode&? Simutaneously the series and

parallel resistances also have a great impact on the FF values which should be mifimized.

(c] 4 | ||
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Figure 1-5 Currentvoltage(J-V) curve of OSC devicé

1.3 Nonfullerene Organic Solar Cell

One typical OSC devids comprisel ofa pair of matching materials with the function as eleetron
donatingand -accepting partrespectively® For the acceptor counterpart, fullerene derivatives
have long dominated to be usasklectron accepting materials in the past decdd@&ue to the
poor solubility of the original fullerenes includingddn organic solvents, solubilizing groups are
introduced to fullerenes to produce thestnoommonly used fullerene derivative, [6pjenyt
Cea1-butytic acid methyl ester (REBM) as shown irFigure 1-6. 24 In addition, PG:BM which is

an analogue of fginstead of & has been developed to enhance REE result oits enhaned
light absorptiorrangein the visible region?> PCBM has shown several advantagesa@pplied

in highly efficient OSCsinvolving high electron mobility as well as affinity, thrdenensional
structure with unique packing ability and good miscibility with conjugated polymers to function
as efficient electron transport channel in thé Blend in combination with lowbandgap polymers

as electron donor’?® Currently BHJ OSC device based on donor pgmers and fullerene



acceptors have been reported to achieve a PCE exceeding®’1MNgvertheless, thelonor
polymers and PCBM system exhibits several drawbacks which ultimately restrict the further
improvement of PCE. Firstly, PCBM typically sholesv photons absorption in the visikds well

as nearinfrared (NIR) light region due to the highly symmetrical structure resulting in low
contribution of acceptors to the photocurrent generatioff. Secondly, the opportunity to tune

the bandgap of the fullerene derivatives is restricted to maintaintte structure of € or Cro

core with limited possibilities of structure modification. Thirdly, the spherical structure of PCBM
makes it very easy to crystalize and aggregate destroying the stability of the OSC “déVice.
Lastly, PCBM based OSCetice has been reported to yield largge ldssas a consequence of its

nonsharp absorption edg®.

CGO

Figure 1-6 Chemical structuresf Cso and PG:BM. 1°

In the last few years, small molecule Aiierene acceptors (NFAs) have attracted more and more
research attentiaio replae fullerene acceptors leading to significant enhancement in PCE of OSC
devices 2! The NFAs with high synthetic complexity have shown distinct advantages including

broadened absorption in visibfeludingnearinfrared (NIR) region due to their tunable bandgaps



and tunable energy levels which contributeugableenergy levks alignmenbetween donor and
acceptomaterialsto obtainhigh Voc and low energy losg%3? The fully conjugated structure of
NFAs strongly facilitates electron accepting and isotropic electron transporting abiktell as
electron delocalization at D/A interfacédWith the rapid progress of structure design of NFA

the NFA based OSC devices have achieved a PCE exceeding 16% in single junction devices and
17% in tandem structure showing the high potential of NFAs for future genera@®Qs 3134
Several model small molecule NFAs have been considered as the benchmark for &FA$&s
development as shown Kigure 1-7. One of the most frequently investigated NFAs, ITIC, was
discovered in 2015 representing a remarkable step forward for exploration of RAAKC
containsan indacenodithiophene (IDT) electrdonating core ang-(3-oxo-2,3-dihydroindenl-
ylidene) malononitrile (INCN) electreaccepting ending group to form arDAA pushpull NFA

which favors intramolecular charge transfer (ICT) and exhibits high hole mobility as well as broad
absorption attributed to the coplanar structdPe® ITIC has been successfully matched with
various donor plgmers yielding PCE exceedin®%. 3’ Structural modifications on ITIC lead to

a series of derivatives such as ITT@ 38 with thienyl alkyl chains dostitution and IT4F 3° with
fluorination substitution. The PCE is further enhanced to over 14% whéh i§ used as acceptor.
Very recently, Yuaret al. has introduced oreghly promising NFA with the name of Y6, and
when PM6 is used as the wide bandgap donor polymeQ 8@ devicewith PM6:Y6 system
exhibits a high PCE up to 16%.In this thesis, the model NFA ITICillvbe used as the acceptor

owing to its high aailability andmiscibility with different donor polymers developed in this thesis.
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Figure 1-7 Chemical structures of nefllerene acceptors!¢

1.4 Wide-bandgap Donor Polymers

The choice of donor materials to properly match with the acceptoya/s great effect on
determining the performance of resulting OSC devices. The donor polyamdys classified into
three categories according to their optlmahdgap (B"): low-bandgap (LBG) polymers withy®"

< 1.6eV, mediunbandgap (MBG) polymers with 1.6eV 5B < 1.8eV and widdandgap (WBG)
polymers with §°*'> 1.8eV.! In the early stage, LBG and WBG donor polymers with broad light
absorption range have dominated the filed of OSC applications at the aim to match with fullerene
based acceptonshich show limited light absorptiorOn the contrary, lesstahtion has been
attractedto the development of WBG polymers due to the limitation on visible light absorption
and low photocurrent outpdt:3?However, the rapid development of efficient nadrared NFAs
makes it possible to achieve complementary light gibsor with WBG polymers thus covering
the full range ofvisible light absorption. Additionally, the usage of WBG polymers vaddep

HOMO levels @n effectively increase the o¢and hence decrease the energy loss in-H&ged
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OSC devies.*? Consequently, the pattern of NFAsineal with WBG donor polymers has been
reported to generate the most efficient O8g <0 date indicating the great significance for the
development of new designs of WBG donor polymers.

Rapid progress on the development of WBG polymesdbanachievedhroughthe past decade.

In the initial stage, only some classic materials including polyef@d/lthiophene) (P3HTyvere
thoroughly studidwhereas only low PCE less than 6% was reabt** After then, the emergence

of D-A polymers has been identified as the milestone for the development of WBG polymers. D
A copolymers withcommutativeelectronrich and electroipoor repeating units in the polymer
backbones stand for one of the most popular photovoltaic materials dsitutwalile optical and

electronic properties relating with the manipulatable internal electronpuibéffect.?
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Figure 1-8 Chemical structures of BDT and PT based WBG polyniérs.
Hou et.al introduced the famous constructing block for photovoltdien@rs, benzo[1b:4,5
b0] dithiophene (BDT) unit, in 20082 BDT unit exhibits rigid and large coplanar structure, and
hence BDTbased polymersan achieve high hole mobilities and tunable optical bandgaps and
energy levels®? D-A copolymers based on BDT and polythiophene (PT) alternating repeating
units have been widely investigated in NFA OSCs where thiophatreslucedwith electron

deficientgr oups act i mg na sa cicveepa ko FepliteledtBor exdmpley Rirdas n
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et al. introduced fluorine atoms to the backbone of BDT and thiophene repeating unit and varied
the side chains of BDT tmeneratea series ofdonor mlymers. The resulting polymer,
PBDT(T)[2F]T with both introduction of fluorine and alkylthienyl side chains obtainehigest

PCE of 9.8% whenTIC was applied as acceptor attributedthe lowered energy levels and
reduced energy loss in the devié&Hou et al. reported atrand of donor polymerswhich are

based on BDT and thiophene units which were substituted with alkylcarboxyl groups and with
further fluorinationThe polymer PDTBEFRT2 with linearly decyl side chatlemonstratetigher

hole mobility owing to itenhanced nt er € h a inm e r atackingaohievingthedhighest

PCE 0f14.2% in PDTBERT2 : IT-4F devices?

1.5 Greensolventprocessable Materials for Organic Electronics

The stateof-art organic electronics including OSCs discussed previously based on semiconducting
conjugated organic materials are typically processed by halogenated and ahyahatcarbon
solventsinvolving chloroform (CF), dichlorobenzene (CB) and-tlj2zhlorobenzene (DCB) due

to the limited solubility of conjugated organic materials and the high possibility to form ordered
crystalline structures and ideal moleculaeatation in thidfilm state in the halogenated solvents.
4547 However, these solventsutcause very serious and normally irreversible hazards to the
environment thus associatedtlwipollution problems and also expose human health in severe
danger as consequence of their high tgxioperties.*>*® Many countries in Europe, North
America and Asia have proposgtict legislative regulatory restrictions on such chemicals which
might exposechronic toxicity hazards to environment or human health greatly affecting the
commercialization of largecale organic electronics including the fabrication of OPYSAs a
result, it is crucial to develop organic electronics that loe processed bgcofriendly green

solvents which are divided into different categoried lastrated in Figure 1-9. °° As show in
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this diagram, alcohols and water should be regarded amdkeidealgreen solvents, and the
ultimate goal is to achieve alcohols/water processable devices like OPMss#atohols to
fabricate.

Molecular design habeen investigated as one commonly adoptedesiyavia the structure
modificationsof the conjugated materials to improve their solubilitpham-halogenatedolvents.
As shown irFigure 1-10, the conjugated polymeramrbe grafted with bdt functional groups and

side chains to achieve the gresmoiventprocessable polymers.

\j: )0: Alcohols
A N0H ~OH CH30H H,0 and Water
2-Butanol  2-Propanol n-Butanol Ethanol Methanol Water
(o) )Id o [o] (o]
04 04 O—o/ i s cs; Non-Halogenated
and Non-Aromatic
2-Methyl- N-Methy- Cyclopentyl-  aAcetone  EthylAcetate Carbon Disulfide

tetrahydrofuran pyrrolidone  methylether

o o A o B

M-Xylene Ethyl Benzoate Mesitylene Acetophenone  1,5-Dimethyl- i e Non-Halogenated
naphthalene naphthalene and Aromatic
O < W o ¢ o0
Toluene o-Xylene  1,2,4-Trimethyl- Anisole 2-Methyk Diphenyl ether
benzene anisole
cl cl i
CIYCI
AN
1 @—m @—m m—@—cn I Halogenated
Chloroform  Chlorobenzene 1,2-Dichloro- 1,2 4-Trichloro- 1-chloro- 1,8-Diiodooctane
benzene benzene naphthalene ’

Figure 1-9 Diagram of soméalogenated solvents and different categories of green sol¥fents.

The greersolventprocessable anjugated polymersan be further divided into conjugated
electrolytes with functional side chains (e.g. amino, phosphate, sulfonic and quaternary ammonium
groups™Y) and conjugated polymers with polar groups (e.g. tertiary apiiphosphonate groups

°3 andoligoethylene glycol (OEG) sidehains®) or alkyl/alkenyl side chaing!>>**Conjugated
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polymers typically show complex chemical structures with high molecular weight wdicler
them difficult to dissolve in green solvents, and hence delicate structural dexggrecessary to

make the conjugated polymers exhibit solubility in green solvents to fabricate various organic

electronics.
Polymers
% Main Chain %— /\/\?;/C\ e Sl S0 Na'
[ i n Functional Groups: e e .
Alkyl Pl Ao AN
SRl Functional i ;

\
Side
L e Functional Side Chains: oI \S/C/\/ ‘C\/:/\::\/
Functional

Figure 1-10 Diagram of greesrsolventprocessable conjugated polymers with some commonly

used functional groups and side chaffis.

1.6 Characterization of Polymes

Various techniques have begpplied to investigate the properties of syntheggdyimers in this
work. Different characterization technologies are briefly summarized in the follgueirtg

After the synthesif neworganiccompounds, nclear magnetic resonance (NM&ectroscopy
will be appliedto determine thepecificmolecularstructureand purity of the producthe working
mechanism of NMR arises from tebaracteristidi n u ¢ | e afmuclsimdludirig *H and*3C
underthe applied external magnetic fieldnd the nucleualways present in different chemical
environmenwill generatainiqueresonancdrequency coupled with energy transformatidhe
chemical s hi f resofancdreqdeacy shiftedbfrens reféréanee compowswth as
tetramethylsilane (TMS)andspecific information ofmeasuredample an be aquiredthrough

analysisof chemical shiftsn correspondindNMR spectrum?®’
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Gelpermation chromatography (GPC) is commonly adoptedhnol@y to determine the
molecular weight of resulted polymeil$ie macromoleculesith different sizesanbe effectively
sepaated in GPC columwmhich is packed with porous gel particldge polystyrene so that the
large molecules will be elutecery fastin short elution time, whereas it takes mehetiontime
for smaller moleculestuck by the porous particleés get through the columhe molecular
weight @anbe determined by thmonversion of elution timevith the reference &dnown molecular
weight of standargholymersuch as polystyrené®

Thermal poperties are typicallycharacterized bythermal gravimetric analysis (TGAand
differential scanning calorimetry (DSG&chniques.TGA measures the change of weight of
polymers when temperatureirecreased and investigates tihermal stability Thermally stable
polymers shouldhow durability witHittle loss of weight under certain range of temperalD&C

is another usefulechniquewhich monitors the heat flow betweéme sample anda reference
undergoing phasé&ansitions.When the temperature is increasgdspecific heating ratehe
sample will absorb or release heat dependintherstate of phase transition, ahd heat will be
transferred to the reference cell to maintain the same temperaturetheiteample. The
characteristic hedtow curve canbe analysed to determine thkass transition temperatu@y)
andinvesigate the crystallinity of polymers with the corresponding melting pdint.
Ultravioletvisible (UV-vis) spectroscopyis considered as one fundamental technique to
characterize the optical properties of resulted/mpelrs whichis used to acquire the absorption
spectra of polymers in solution or solid stiataltravioletvisible light regionThe optical bandgap
(Eg) descrbesthe minimumrequiredphotonenergy to excitan electronfrom the ground state
which means the valance band (HOMO) todbeduction band (LMO), and g canbeestimated

based on the edgmset wavelength éase) of absorption profileccording to this equatidi:
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whereh represents the Planck constans the frequency; means the speed of light in vacuum.
Cyclic voltammetry(CV) is used to investigate the electrochemical properties of resulting
polymers.In the CV measurement, thepplied potential is swegiack and fortHorming acycle,
andthe corresponding oxidatioand reduction current peaks candmalyzedto determine the
energy levels®® The HOMO (highest occupied molecular orbital) levescribes the energy to
remove an electron from thmoleculeduring the oxidaion process andan be estimated from
oxidation onset potential ¢2"®") got by CV measurememnhereas LUMO (lowest unoccupied
molecular orbital) levetlescibesthe energy to excite an electron to the molecule as reducti
process andanbe estimated from reduction onset potentiallEE!) following equations below:

Qhomo (eV) =-e (ononse) -4.8 eV
Quwmo (eV) =-e (Eredonse) -4.8eV
where ferrocene with the HOMO level of 4.8=\ised ashereference, and its oxidation potential

is set at OeV.

Atomic force microscopy (AFMis appliedto imagethe polymer film morphologwith very high

resolution The sharp tippn the cantileveof AFM canprobe the force interactions with ta®ms

on the surfaceand the3D imagewill be generated with the response fromttpe@sit moves on

the sample surfac® AFM images can reveaiformation including morphology, domain size and

surface roghnessX-ray diffraction (XRD)is typically used to investigate the crgiinity of
polymers.The XRD peaksrase from the diffraction of the incident-bay beanwhich is scattered

by thecrystallinelattice planes at different anglés the sample matil. ® The XRD mttern

should satisfyth8 r a g g6 sn & a,&dwh exrde & means t heraybemmel engt

d is the separatiogistancebetween lattice planeand d r e pr edieciiénsbeamh e an gl
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1.7 Objective and Structure of Thesis

Although rapid progress has been made for the development of 8, it is essential to
developnew designs of loweost WBG polymers exhibiting both fully complementary light
absorption when paired with NFAs and deep HOMO levels to achieverMgdvalues and lowr
energy loss (ks9 in the OSCs. Moreover, there igant need to exploit greesolventprocessable
conjugated polymers to enable the commercialization of organic electronics without chronic
hazards to the environment and human health.

In chapter 2, two novel donor polymers including PTIBDT and its fluaohahalog, PTIFBDT,
will be discussed as further development of our previously reported TypA ddpolymers. The
optical and electrochemical properties of the new donor polymerscaesully characterized,
and the charge transport mobilities were rmeas in organic fieleeffect transistor (OFET)
devices. Inverted OSCwere fabricated with theélevelopedpolymers as donor and ITIC as
acceptor, and the vertical charge mobilities and film morphology would be further investigated.
In chapter 3, sting electrorwithdrawing carboxyl functional group was introduced to the side
chain of PTIBDT polymer to furthesynthesizePTIABDT polymer with acetyl group and
PTIPBDT with propionyl group showing better solubility. Different technologies wengtad®o
study their thermaloptical and electrochemical propertiasluding charge mobilities in OFET
devices. The polymers were then used as donor polymers matched with ITiKdeatteptors

in the inverted OSC devices to shtweir photovoltaic properties.

In chapter 4, the design and synthesis of isoir(tiydased conjugatgablymerwill be discussed

to achieve the objective to develop gremiventprocessable organic electronics improving the

environmentapollution caused by toxic halogenated solvents.
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As the last chaptethere will be ssummary for the work in this thesis and some proposed future

work directions for further investigation in chapter 5.
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Chapter 2 Synthesis and Characterization of PTIBDT and PTIFBDT
Polymers

2.1 Introduction

Wide-bandgap (WBG) polymers based on building blocks such as polythiophene (PT) and
benzodithiophene (BDT) are suitaldandidates as donor polymers to match with NFAs in NF
OSC systems due to their complementary light absorption in the short wavelength region-and low
lying HOMO levels which anpromote bothlkcand Voc leading to high final PCE value§:®*
Donoracceptor (PA) copolymers havettracted much attention to be used as WBG donor
polymers in NFA-OSC systems since they have demonstrated superior advantages including broad
light absorption and tunable energy levéf€.D-A polymerscanbeclassifiedinto two cakegories
asindicatedin Figure 2-1 with Type | polymers exhibiting both-B repeatingolockson themain
chainbackbonewhereasType Il polymershaveD blockson the backbone and Blockson the

side chain. Type | BA polymers typically show relatively narrow optical bandgaps laigth
energy levels due to the internal charge transfer (ICT) effect betwéerepeatingunits,®>which

limit the further improvement of PCE of MFOSC devices.

an a

)

Figure 2-1 Structures of Type | and Type I-B polymesrs. %°
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To overcome the limitations, Type IFR polymerscomprised ofa donorbackbone and acceptor
side chain are introduced exhibiting advantage -@# Structures which polaze the polymer and
relieve the binding energy of excitons by increasing the dipole moment or dielectric constant of
the polymer chaithus enhancing the exciton separation process and photovoltaic progérties.
Additionally, a widebandgap and loying HOMO level @n be achieved since the accepting
units are located on the side ch&fRecently, our group reported a Type HADdonor polymer,
namely PTIBT, utilizing bithiopheneunit as thedonorbackbone ancelectronwithdrawing
indolin-2-oneunit as the accepteside chain with superior low synthetic complex, and the donor
polymer exhibitsdeep HOMO level of5.41eV as well as a large optical bandgap of 1.8@eV.
high PCE of 5.72%vas finally obtainedvhen PTIBT polymer was used as dopolymerwith

ITIC asNFA. %€ (Figure 2-2)

() (b) -3.61eV (©)
4.07eV

X=H, PTIBDT
X=F, PTIFBDT

-541eV

-5.77eV

Figure 2-2 (a) Structures and@b) energy levelsalignmentof PTIBT and ITIC(c) Structures of

PTIBDT and PTIFBDT

However, the PCE of PTIBT: ITIC system has been shown seriously restricted by theclmw V
0.66V which could beelated with the inappropriate energy level offset between dgudymer
andNFA materials. In addition, the highly amorplsoand disordered film resulted by the heavily

isomeric side chainsxhibitedgreat effect on thesdJand FF values.
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Interestingly, it is found that the benzodithiophene (BDT) unit demonstrates highly coplanar and
symmetric structure whickupportghe charge transport and leads to suitable energy levels. More
importantly, thewo-dimersional (2D) BDT-T unit was developed with-@thylhexyl thienyl group
attached to the BDT structure to further downshift the HOMO levelamilitatethe hole mobility.

%8 Side.chain engineeringas been reported to play a crucial role on the modulation of properties
of polymer such as solubility, molecular weight and processabilawever, improper side chain
attachmentand e c r e a-§ e s t Boetweerpotymer chains thueading toreduced charge
mobility and light absorption which is harmful to photovoltaic performattcEor the polymer
PTIBT, the attachment of long and branched alkyl cHawogtyldodecyl, indeed introdudenuch

steric hindrance to the polymer chains interrupting thgugaion of polymer backbonand
leading to twisted polymer chain especially the alkyl cinssattached to the acceptside chain

unit, indolin-2-one, which already increas¢he structure hindrance of the polymer backbone.
Consequently, shorter alkghain might address this problem with less effect on the conjugation
of polymer chainsAnother approach of side chain engineering lleenfrequentlyinvestigated

which is fluorination, as an efficiembodificationto promotethe perfemance of donor polymers

due tothe high electronegativityf introduced fluorine atonf§' 73 Specifically, the introduction

of fluorine atoms onto the electrgmoor acceptor unitcan strongly stabilize the energy levels
including LUMO and HOMO and also reduce the undesired steric hindrance existed in the polymer
chains’* Consequently, fluorine substitution has been reported to be one of the most effective
ways todeeperthe HOMO levels of donor polymers and thus to achieve a higli to the
strong electrewithdrawing propest of introducedluorine atoms.” 7’

In this chapter, tw novel Type Il DA polymers including PTIBDT and its fluorinated analog

PTIFBDT as shown iifrigure 2-2 (c) have been successfully designed and synthesized as further
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development based on PTIBT polym2D BDT-T unit was used as backbone donor instead of
bithiophene in PTIBT to further dowshift HOMO level to enhance a highdand reduce energy
loss (kosg in OSC device Additionally, a short methyl chain was attached to the ine@lome

unit toimprovethe steric hindrance may be caused bylalkyl side chaimn PTIBT. At the same
time, fluorination effect was also investigated for the novel TypeAl@polymer, PTIBDT, with
fluorine atom attached tilne 5-position ofthe indolin2-one side chain to obtain the fluorinated
polymer, PTIFBDT.

2.2 Structure Simulation by Density Functional Theory (DFT)

At the first stage, Density Functional Theory (DFT) was adopted to simulate the two donor
polymers, PTIBDT and PTIFBDT to predict the corresponding frontier energy levels and
electronic structures, and the simulations weggformed by the Gaussian 09 at B&LYP/6-

31(d) level. The structures of the repeating blocks of PTIBDT and PTIFBDT which involves
TIBDT and TIBDT units are shown in thieigure 2-3. In theory, there is possibility form two
different configurations of BDT and TIBDT involving E-isomer and Asomer since the
vinylene linkage between BDT and inderone @nrotate resultingn differentconfiguratiors
(Figure 2-3). Corsequently, both isomers were simulated to pret&bptimized geometries and
frontier molecular orbitals. terestingly it was found that botB-isomers of TBDT and TIBBDT
demonstrated a wider optical bandgap with slightiyhéidying LUMO levels and lowetying
HOMO lewels revealingdifferent cotigurations could exert influence on the properties of
resulting polymers. Sprisingly, the introduction of florineatom to TIBDT only downshifts

the HOMO lewel of 0.0%V for E-isomer and 04&eV for Z-isomer when comaredwith TIBDT
suggesting fluorination on acceptor side chain may show less effect on the Typeddalymers

andthe Zisomer of TIFBDT was simulated tachieve the lowesheoretical HOMO level of
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5.20eV. Besidesijt is declared that the LUMO levels are mainly delocalized around the indolin

2-one acceptor unit witpartial distribution on BDT unit, anthe HOMO levelsaredelocalized

along thepolymer backbonefor both donor polymers with -£Zonfiguratiors. In E-isomer

configuration,both TIBDT andTIFBDT were observed to shovgeparatecharge distribution

separation withmost LUMO distribution on the indoli¥r2-one unitand HOMO distribution on

BDT unitsuggesting theolymers in Econfiguration should ba little bit more eletton-deficient

compared witlpolymers in Zconfiguration.

TIFBDT-E

Figure 2-3 Optimized geometries of PTIBDT and PTIFBDT and predicted energy levels in

different configurations.
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2.3 Synthesis of Monomers and Polymers

PTIBDT and its fluorinated analog PTIFBDT were successfully synthesized according to the
synthesis route asdicatedin Figure 2-4. Knoevenagel condensation methveas used to prepare

M1 and Compound 2 via the condensation betwearethyloxindole & 5fluoroindole and 2,5
dibromothiophene-carbaldehyde where piperidine was added as catalyst with anhydrous ethanol
as solventccording to the literaturé® M1 and Compound Birectly precipitated out from the
solvent, and Compound 2 was further alkylated with one methyl group on the nitrogen atom of
indolin-2-one to improve the solubility and stabilize the compourdiypcing M2.*H NMR was
performed to characterize the two monomers, M1 and M2, and it was found that-isoipet

was formed during the condensation process sincéHhWdMR data was consistent with the

monomer of PTIBT, Tlin Z configuration which goboth Z/E isomers after the condensation

reaction
Q
|\’J Br’g_s_\{ksr N
e o o
Piperidine 7\ C4Hg
Ethanol 80°C g Br
s CzHs
S
1(a) M1 s, P(0-tol)s, Pd,(dba),
,S!'\ o Pl _— -,
_|_ Clorobenzene,30°C
%
o} ={ CoHs
F - F CsHg
W
H Brj_sqi*Br HN CHsl N
(o] o o7 (e} M3
Piperidine NEHDME = PTI-BDT: X=H
F - : Y -BDT. X=
Ethanol 80°C < Br Br— g~ Br PTIF-BDT: X=F
1(b) 2 M2

Figure 2-4 Synthesis route of PTIBDT and PTIFBDT.
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As shown inFigure 2-5 which demonstrates thiél NMR data of M1 and M2, the peak that is
located at 8.75ppm for M1 and 8.77ppm for M2 corresponds to the special hydrogen bond that is
formed between the carbonyl group from indeéione unit and the-position hydrogen atom of

the thiophene ringHigure 2-5). This special hydrogen bond has beenfied bytwo-dimensional

NMR and Fouriettransform infrared spectroscopy (FTIR) technique in the literaitire.

(@) 5 vy ow o5 b LTI
F
N - ) ) N . p
Ha - ’ - Ha
Br 'fs\ Br Br "S\ Br
M1 (Z-isomer) M2 (Z-isomer)
Ha Ha

Figure 2-5H NMR of monomer of PTIBDTa) and PTIFBDT(b).

The monomeiT| for polymer PTIBT was found to formraixed compounaf isomerg(Z/E) in a

ratio of 21:79 (Z:E) after thEKnoevenagel condensatioeaction, and the separated pristine Z or

E isomerwouldbe transformed to another configuratio!
in a mixturewith 1:1 ratio of two isomers. As a tds the polymer PTIBT wasynthesizedvith

the mixture of isomers whidesulted inthe regiorandom side chain distribution of the repeating
unitscausingess favorable amorphous film morphology. In contrast, bitlandM2 monomers

in this work demonstrated superior configurational stability where the monomers could maintain

almost100% Z£ onf i gur ati on af t e rilludtraedihEgdre 26 Ac®ling f or 2
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to the'H-NMR after heating, the absence of protons frofisdner reveald little isomerization

during the heating process.

(a)

Wy
o M1-as-prepared
Br "l.s"“Er
M1a (Z-isomer)

(b)

JNF
Ny S

o
oY
Br "”S‘\" Br
M2a (Z-isomer)

M2-as-prepared ‘

| Mg J‘ ;,JJA‘ ,,,JUL | | _J ) .'J._N_JJL

N"‘i /
o M1-90°C

Br “"S"“ Br

M1a (Z-isomer)

9 7.8 1.7 76 75
f1 (ppm)

Figure 2-6 'H NMR spectra of M{a), and M2(b)aspr epar e d

hrs in chlorobenzene (rea) CDCIS.

[~ -F
N
I

o M2-90°C
Brg Br ‘
M2a (Z-isomer) M

The desired PTIBDT and PTIFBT polymers wsyathesizedia the Stille crosscoupling method

according to the literates with 1:1 ratio of monomer M1 or M2 aB®T-T stannaneommpund

utilizing Pck(dba) as catalyswith the ligand, namelf?(o-tol)s, as well as chlorobenzemsedas

the solvent. After the polymerization was finished, methanol uwsed to get the crude polymer

products as the precipitate, and the crudepctswere then washed and purififtdoughSoxhlet

extractionmethodusing acetone and hexaselvents.The final polymers were extracted by

chloroform and dark green polymer films were obtained when chloroform was removed. Both

PTIBDT and PTIFBDT demonstratgood solubility in commdy usedorganic solventat room

temperaturancluding chloroform and chlorobenzen&lthough M1 and M2 showed superior

structural stability, this stability could not be maintained during the polymerization process, and

consequently, the donor polymers including PTIBDT &UdFBDT werefound to possess

regiorandom side chain configuration with the Z/E isomer ratib: &.57 for PTIBDT and 1: 1.44
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for PTIFBDT according tehe High-temperaturéHT) *H NMR spectra of polymers measuried
1,1,2,2tetrachloroethane & 0 (Figure 2-7) The Z/E ratio could be determined via the integral

of the hydrogen bond which located at 8.68ppm for PTIBDT and 8.72ppm for PTIFBDT.
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Figure 2-7 'H NMR speataof PTIBDT(a), PTIFBDT (b) in 1,1,2,2tetrachloroethane which was

measured at 90
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2.4 Characterization of PTIBDT and PTIABDT

2.4.1 Physical Properties (GPC, TGA and DSC)

The molecular weight of PTIBDT anBTIFBDT was measured using higlemperature gel
permeation chromatography (FHGPC) with 1,2,4reichlorobene as the eluent at 110and
polystyrene was employed as the standatte numbeiaverage molecular weight (Mn) was
determined to be 60.2 kDa and 20.5 kDa for PTIBDT and PTIFBDT, respecthadjdispersity
index (PDI) for PTIBDT and PTIFBDT were measured to be 2.65 andidigting the high

molecular weight oboth synthesized polymer@igure 2-8 andTable 2-1)
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Figure 2-8 High temperature GPC molecular weight distribution fay PTIBDT, and (b)
PTIFBDT, measured using 1,2tdchlorobenzne as eluent at 110 °C with a flow rate of 1.00
mLmin™.

Thermal gravimetric analysis (TGA) was conducted to investigate the thermaltipsgor two
polymers.The polymers exhibiteélmost negligible first step alecompositiona t 295
PTIBDT and2 6 9 f or Thé deEoByppFition tempduae of second stefor PTIBDT
and PTIFBDT were estimated to b833 and 35 , respectivelydemonstrating their good

thermal stability to be applied in OSC and OFET devices wigjiht need a high temperature
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durability. Figure 2-9 andTable 2-1) Thedifferential scanning calorimetry (DSC) datdure

2-9) of both two polymers showedery weakglass transition e mper at ur e whi ch w;
PTI BDT afor BTIFBDT with no obvious exothermic nor endothermic transitions implying

the absence of crystalline domai(iBable 2-1)

Table 2-1 Molecular weight anthermal properties of PTIBDT and PTIFBDT

Polymers Mn(kDa) Mw(kDa) n MwMg) T ) TN ) T )

PTIBDT 60.2 159 2.65 295 353 65
PTIFBDT 20.5 56.6 2.76 269 345 70
@ ()
i ——PTIBDT 2 —PTIBDT
——PTIFBDT ——PTIFBDT
904 14
g oo % 0 N
= 70 E -1
2
60
34
50 T T T T T T T T T T T
0 100 200 300 400 500 600 -50 0 50 100 150 200 250
Temperature(°C) Temperature(°C)

Figure 2-9 TGA (a) and DS((b) curves of PTIBDTand PTIFBDT.

2.4.2 Optical and Electrochemical Properties (UWis and CV)

The Ultravioletvisible (UV-vis) profiles of PTIBDT and PTIFBDT as solution and films are
demonstrated bifigure 2-10, and the summary of their optical properigshown in thelTable
2-2. For the solution opolymersin chloroform,PTIBDT showedthe absorption maximuif@max)

at 540nm, and the value for PTIFBDT is 536nm. The two polymers show similar absorption shape
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conmposed oftwo absorption bands which involvebmndwith high energyd ue t e *t he
transition located between 300 and 400nm abdradwith low energy due t¢CT transitions of

the donoraccepto(D-A) units of the polymer in the visible light range of 4000nm.In compare

with the absorption spectra in soluti@ate which should be morendgom, the absorption
maximums of the polymers demonstrate significant red shift in thefibtmrsate because of the
better mol ecul ar satgagcrkeignagt icodmsctengpng foom Isolutioa to
solid state’® The optical bandgap calculated from tfiim absorption spectra wavelength onsets

is 1.91eV for PTIBDT and 1.89eV for PTIFBDT demonstrating a wider bandgap compared with
our previouslyreported Type Il BA polymer, PTIBT which showedaptical bandgapfdl.8eV.
PTIFBDT exhibited a lower band gap with a little redshift compared with PTIBDT which was
consisent with the reported decreased band gaps of fluorinated polymers due to the stronger push
pull effect after fluorination?*! For both PTIBDT and PTIFBDT polymer donors, the increased
bandgap reveals a broadened light absorption range and forms complenigimtagrvestully
covering the solar spectrum from 350 to 800nm when combined with the absorption of ITIC with
the maximum absorption at 706nm as showFRigure 2-10 which should be beneficial for the

photocurrent generation and thus lead to better photovoltaic performance.

Table 2-2 Optical and electrochemical properties of PTIBDT and PTIABDT

Donor Aamax®® Amax™  Sensel™ Ege” HOMO LUMO
Polymers (nm) (nm) (nm) (eV) (eV) (eV)

PTIBDT 541 563 649 191 -5.59 -3.69
PTIFBDT 534 554 656 1.89 -5.60 -3.70
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Figure 2-10 UV-vis spectra of PTIBDT, PTIFBDT and ITI@) in chloroformand(b) as spin
coated films at room temperature

In order to investigate thdeetrochemical propertieshe cyclic voltammetry (CV) of PTIBDT
and PTIFBDT were measured and shown &3gnre 2-11. Consequently, thelOMO and LUMO
levels of PTIBDT are calculated to b&.59eV and-3.69eV, andhe valuesof PTIFBDT are
estimated to be5.60 and-3.70eV in correspondence with the oxidation potentials fitcerCV
profile which is used to estimate HOMO levelhereas UMO levels @anbe calculated combing

with optical bandgaps since no reduction BAhd was observed. The energy levels of PTIFBDT
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are slightly lower than that of PTIBDds a reslt of theintrodued strong electrofwithdrawing
fluorine atom, and this small difference algrees with the DFT simulation results where the
fluorination of accepting side chain shows less effect oHDKBIO levels compared with typical
Type | D-A copolymers showing 0:0.2 eV lower HOMOlevels after fluorination®¥8 The
PTIBDT and PTIFBDT also demonstrated much lower HORM&Is comparedvith our reported
Type Il D-A polymer, PTIBT with the HOMO of5.41eV revealing the substitution of BDT unit
with the bithiophene oneaa effectively enhance the pusgtull effect in DA structure which is
also consigintwith the theoretical DFT results showing the highly delocalized LUMO on acceptor
and HOMO on BDT unit. Moreover, the Type Il polymers including PTIBT, PTIBDT and
PTIFBDT show much downshifted HOMO levels (frofh41ev to-5.60eV) and broadened band
gaps (from 1.80eV to 1.91eVf) comparewith the typical Type | BA polymer, PTEIT, with both
acceptotindolin-2-one and donebithiophene on the backbone exhibitiadhand gap of 1.57eV
and HOMO of-5.33eV, respectively?* The wider band gapss well agleeplying HOMO levels

of PTIBDT and PTIFBDwill effectively promote a much highesdand achieve complementary

light harvesting when matched with ldvand gap NFA materiate obtain higher PCE in OSCs.
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Figure 2-11 Cyclic voltammetry profiles of PTIBDT and PTIFBDTacquired in
tetrabutylammonium hexafluorophosphate solution (0.1M) dissolved in acetonitrile at a scan rate

of 0.1V/s.

2.4.3 Organic Fieldeffect Transistor (OFET) Performances

The lateral charge mobilities of PTIBDT and PTIFBDT were investigated as semiconducting
layers in OFET deices in bottomgate bottorrcontact (BGBC)configuration which were
manufacturedon SiQ/Si wafers with modification ofdodecyltrichlorosilane (DDTS) and
deposited gold souredrain contacts. The illustration of BGBGFET device is shown iRigure

2-12, and thedetails describing fabrication as well as ascterization processare listed in
ExperimentalSection 2.7.The polymer films were formed on the wafer substratesh@apin

coating method, and the fabricated devices

we

100 , 150 , 200 ) to measure the correspondin
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Figure 2-12 Configuration ofabottomgate bottorrcontact (BGBC) organic fieléffect transistor

(OFET).
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As shown irFigure 2-13, both polymers exhibit typicatype behaviours with PTIBDT achieving

the highest hole mobility which is up to 0.00é4fVs'at an anmemati mge tefn 1°F
PTI FBDT sheblts|l ¢ hmobi |l i ?W'slwhef. @@826akcend at 100
much | ower ((Thhan hBTlkeBDob.bi |l ity could be <cal cul

currenfroemgitme characuerngtibisragshéerooaurve

B JNOT B
— 0 W
cO

whelpgmeans tsheurdoceagtmeprenents chao@eaoaar tiher gma
dielectric layer capaci®tankei perhengnhamamneld sl e
the channeétm)wsd bt atphddd i@d® v oboti sge heandhreshold v
need to be calcul ated.

| naele, ptt wee OFETSs baacsceedp toonr dsoenmwirc onducting poly
to achieeye hiogh hlod vee motbd®I''2'@%A t hou g hmetrise i mo Ity i
wor k Isihmiwt ed ,imods |Idttiilels possi ble to obtain hi
used as donor sinceshadves hladsase afclecetac geraree mitdb b o h i
compared with the vierbecdi sBodbheéedpolyymbdids h deimb
l ow sensitivity to temperature annealing due
be further confirmed by XRD data. Notiagpgpably,
ar o8 ddVv demomas$ scchvaerrgge car rii st tsroa pdwaadso ul edigauei xy ee
to overcome t hitso ttruarpnp isttlger Phispdnriokead € t rappi ng
assumed to be due to the one pair of f-P-ee el e
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carreeul ti ngot ocuowemt pgeneration. Consleequent |

trappinguhprcdbliwe il be discussed in Chapter 3

Table 2-3 BGBC OFET performances of PTIBDT and PTIFBDT at different annealing

temperatures
Pol ymAnneal i Avg mobili Max motV (V) I,y orr
Temp ( : ( Cz\iﬁls_l) ( sz-ls-l)
RT 0.0024N0.00.0025 25.0 16
50 0.00®60001 0.0028 -29.4 16
PTI BD10O 0.0036N0.00.0042 -33.8 16
150 0.0041N0.00.0044 -27.7 16
200 0.0033N0.00.0036 -28.5 16
RT 0.0019N0.00.0021¢31.0 16
50 0.0017NO0.00.00197-33.7 16
PTI FB 100 0.0024N0.00.0026(-33.3 16
150 0.0021N0.00.0022¢:t-23.0 16
200 0.0020NO0.00.00221-28.5 16

2.5 Organic Photovoltaic (OPV) Performances

The wide optical bandgaps and lying energy levels make both PTIBDT and PTIFBDT
polymerspromisingdonor polymers for fabrication of NFA OSC devices. The exciton diffusion
and dissociation efficiency whickhowgreat effect on the photocurrent generaticarefirstly
investigated by photoluminescence quenching efficiency (PLQE) technology before fabrication of

OSC devices.
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Figure 2-14Photoluminescence spectraaf PTIBDT neaffilm and blend film of PTIBDT: ITIC,

(b) PTIFBDT neat film and PTIFBDT: ITIC when excitation wavelength is 500nm.

As shown inFigure 2-14, thePLQE of blend films of PTIBDT:ITIC and PTIFBDT:ITIC were
measured to be 92% and 98%, respectively, when PTIBDT and PTIFBDT pristine films were
excited at 500nm wavelength to get rid of photoluminescence from ITIC aldleetweak
absorption of ITIC at 500nm. At this excitation wavelength, the dominated emssaid arise

from donor polymers, and the emission ofADblend films was quenchedince ITIC was
introduced The high PLQE of twdblend films demonstrated efficient electron dissociation
efficiency when excitons were generated. Meanwhile, the PLQE of pristine film of ITIC when
blended with PTIBDT and PTIFBDT were determined to/B% and 94%. Figure 2-15) The

much lower PLQE of PBDT:ITIC film when quenched with ITIC showed less efficient hole
carrier generation and could cause charge carrier accumulation which was also consistent with

lower SCLC hole mobiliesof PTIBDT:ITIC blend film that would be discussed in the following

section.

38



) —— ITIC-707nm
4x107 7 ——PTIBDT:ITIC-707nm
—— PTIFBDT:ITIC-707nm

3x10*

2x10*

PL(counts)

1x10* A

0

740 760 780 800 820 840 860 880 900
Wavelength(nm)
Figure 2-15 Photoluminescence spectra of neat film of ITIC and blend films of PTIBDT: ITIC,

PTIFBDT: ITIC when excitation wavelength is 707nm.

The commonly used commercial NFA, ITI@as blendedvith both donor polymers to function

as active layers in an inverted O8€vice with thestructure as shown iRigure 2-16 (a)where

the scheme of ITO/ZnO/Active layer/Maldg is employed The energy diagrams of two donor
polymers and ITIC are alsndicatedin Figure 2-16 (b)), and t he of f sedomo)of HOM
between PTIBDT & PTIFBDT and ITIChas beendetermined to be 0.18eV and 0.17eV
resgedively. T h e nogpEvalues are much smaller than the 0.3eV offset which has long been
consideredhs the limitation of energy level offset to provide enough driving force for the excitons

to dissociate effectively 2”88 Recently, some researches have reported highly efficient NFA

based OSC systems exceeding PCE of &% t howepd.3eV whereas fast charge separation

couldstill be maintained attracting more and more attention to study this phenomenon theoretically.
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For instanceHou et. al suggest than intermolecular electric field (IEF) facilitating the charge
separation Wl be formedsince there is difrence between the donor and acceptor in electrostatic
potential (ESP)®Consequently, itds possible to match d
HOMO offset to pursue highero¥and lower kssmaintaining efficient charge carrier separation

and transporsimultaneously to get better photovoltaic performances.
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Figure 2-16 (a) lllustration of invertedOSCdevice structureand(b) energy leveldor PTIBDT,

PTIFBDT and ITIC.

The optimized condition to fabricate OSC devices was to-gmwh the active layers of
PTIBDT:ITIC and PTIFBDT:ITIC in 1.5:1D/A) ratiowhen chlorobenzene was applied as solvent
to process D/Amixture (20mg/mL) at 120@pm. The photovoltaic performances with different
donor polymers under different conditions are summarizda@ble 2-3, and the current density
voltage (3V) characteristics obtained with light illumination of AM 1.§B00mW cnr?) were
shown inFigure 2-17(a). Obviously, both donor polymers demonstrated excellent photovoltaic
properties with PTIBDT achievinghe highest PCE of 8% {F15.60mA/cn, Vo=0.97V,

FF=60%) and PTIFBDT achieving its best PCE of 7.70%13.70mA/cm, Vo=1.00V,
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FF=59%) when ITIC was used as acceptor at room temperature. The average PCE values of
PTIBDT:ITIC and PTIFBDT:ITIC systems were investigated to be 7.50% and 7.60%, respectively.
Both donor polymers have showed qmarablecurrent density and improved,3vhich is up to

1V for PTIFBDT:ITIC systemcompared with previously reported PTIBT showing a loyy &f

0.66V which indeedconsiss with the expected results since the unique Type-i[Bopolymers
canef f ect i v el yconugatoa df ¢he polynmeechains enhancing light absorption and
thus lead to enhanced photocurrent response anlyiogPHOMO levels whichwill contribute to
higher \oc values Both systems demonstrateceven decreased PCEesults at annealing
temper at ur e \awasduelt® the highlynamarghous and disordered properties of the
donor polymersontainingregioradom distribution of isomeric sidechgaias discussed previously
Annealing at high temperature could not promote the formati@ngainizedcrystallinedomains

which are beneficial for the transpofftcharge carriergnd as a result, the polymestsowed less
improved holemobilities as indicated in OEFT relating pag well as dereased PCE values in
OPV devices.

Table 2-4 Summary of OSC devices performance of PTIBDT:ITIC and PTIFBDT:ITIC

Annealing
Active layer D/A Solvent temperature Jsc Voc FF PCE
ratio () (mA/cm?) (V) (%) (%)
PTIBDT:ITIC 11 CB RT 13.91 0.96 56 7.52%
PTIBDT:ITIC 1.5:1 CB RT 15.60 0.97 60 8.00%
PTIBDT:ITIC 1.5:1 CB 100 13.53 0.96 56 7.23%
PTIFBDT:ITIC 1:1 CB RT 13.38 1.00 53 7.11%
PTIFBDT:ITIC 1.5:1 CB RT 13.70 1.00 59 7.70%
PTIFBDT:ITIC 1.5:1 CB 100 1325 0.97 56 7.30%
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Figure 2-17 (a) Current densityvoltage (dV) curves of OSCqb) External quantum efficiencies

of PTIBDT:ITIC and PTIFBDT:ITIC blends.

The external quantum efficiencies profiles for two systems are showigune 2-17 (b). Both

blend films showed high and flat EQE response covering the wavelength range-&30B00
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especiallyexhibitinga sharp peak around350 nm consistent Wi the sharp light absorption peak

at low wavelength region measured in WM spectrademonstrating efficient charge carrier
generation and transpaxhich indicatedimproved involvement of photons absorbed from short
wavelength region in the ptexurrent generation process. Compared with PTIBDT based system,
PTIFBDT based system has shown slightly lower current density which could be attributed to the
lessmiscible film morphology of PHBDT:ITIC blend film which will be discusseldter.

To further understanthe charge transpom the blend filmsthe vertical charge mobilities of
PTIBDT:ITIC and PTIFBDT:ITIC blend films were measuraedd determineby t he s paccé
charge | imited c usshawh inFgBe2tl& the holeoslyhdavicewasen

the layer sequenceof ITO/ZnO/Active layer/LiF/Al, and the electremnly device was in the

structure of ITO/PEDOT:PSS/Active layer/Mg®g. The charge carrier mobilitiesac be

calculated througe x t r act i ng the quadratic region from

Gurney equation:

* ‘

g
where Jrepresents h e ¢ ur r emdansiedielsciri¢c cpnstanthich is approximately 3

) ")
5

for organic conductors} is the vaccum dielectric constant, V is teerespondingolatage, and

L is the thickness of the active layer.
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PEDOT:PSS

Figure 2-18 Schemati®f hole-only device(a) and electroronly device(b) for SCLC
measuremerif

The SCLC results showed that the hole mobiltig fpr PTIBDT:ITIC and PTIFBDT:ITIC blend
films were 6.31 x 10 %and 1.40 x 10%n? V1 S?, respectively, and the electron mobilities)(u
for them wereestimatedo be 6.56 x 10%nd 1.47 x 10%cn? V1St as shown irFigure 2-19.
Both blend films demonstrated favoured hole/electron mobilities whererelatively balanced
wi t h n/tshago tocbe 0.96 for PTIBDT system and 0.95 for PTIFBDT sydteahshould be
advantageous for a highhdand FF value agreed with the cruciajugement for high performance
OSC devices to achieve a highly balan ofcharge carriersobilitieswhich should be close
to unity to enhance the effective collection of photocurr@@ompared with PTIBDT system,
PTIFBDT one has shown an order higher magnitude hole and electron mobilities revealing its
better charge transpagptoperty which aan effectively preventhe accumulation of charges and

thus improe Voc and FF values.
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Figure 2-19 Current densityoltage (¢-V) curvesof (a) hole-only deviceand(b) electroronly

device of PTIBDT and PTIFBDT.

The photovoltaic performances of OSC deviees be affected by the morphology of donor
polymer and NFA blend filmsCherefore the crystallinity of polymesand morphologyf blend
films were carefully investigated with-kKay diffraction (XRD) to get XRD patterns and atomic
force microscopy (AFM) to detect the film morphologks shown inFigure 2-20, both
PTIBDT:ITIC and PTIFBDT:ITIC blend films demonstrated relatively smooth morphology with
small crystalline domasandlow surface roughnessith the rootmeansquare RMS) value of
only 0.4nm for PTIBDT:ITIC and O0.Enm for PTIFBDT:ITIC. Noticeably, PTIBDT :ITIC blend
film formed bettercontinuous interpenetrating networkéth smaller domains compared with
PTIFBDT which should be favorable for the charge carrier separation and trashspaot more
availabledonor/acceptor interfacessultingin higher current density {JJ which could partially
explain the sligtly higher J. of PTIBDT based systen?!°? However, although the very
homogeneously mixed film morphology for both donor polymers based systéaslance the
charge generation since the formation of large area of D/A interfaces for the excitons to dissociate,
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the low crystallinity andvery fine phase separation wilkause more serious germinate
recombination not favored for the excitoiifasion and charge carriers transpartd trerefore

account for the limitedsdand FF results of both donor polymers based OSC devicés.

V.2

6.0

(a) PTIBDT:ITIC

50

40

Figure 2-20 AFM height[(a) and (b)] and phasd(c) and (d)] images of PTIBDT:ITIC and
PTIFBDT:ITIC blend films.

The very amorphous properties of PTIBDT and PTIFBDT polymers were simultaneously revealed

by their two-dimensional grazingncidence Xray diffraction (2DGIXD) patterns which were

obtained by measuring the pristine polymer flaxes as showkigimre 2-21. Both polymers
demonstrated a weak and broad (100) diffracti
for PTIFBDT, and this diffraction peak determined the corresponding lamedpacngwhich
represented the separation distance of polymer backbones due to the existence of side chains, and
the dspacing was determined to be 2.1nm for PTIBDT and 1.96 for PTIFBDT demonstrating their

similar interlamellar packing orderind®TIBDT polymer showed slightly higher diffraction
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intensity which meant the improvedystallinity compared with PTIFBDT polymer. Due to the

very | ow crystallinity-ofsttawwdk i pmgl ypreearks ,c otuh edr €
superior low crystallinity should result from the highly regiorandom (Z/E) side chain distribution

of polymer chains whickhindersthe free carriergeneration antransporiand hence cause lowtJ

and FRvalues

(a) 150
——PTIBDT
——PTIFBDT
S 100
©
=
k7]
c
2
1=
50 ~
T T T T T T T T T T T T
5 10 15 20 25 30 35
2 Theta (degree)
(b)

Figure 2-21 (a) Out of plane line cting of GIXD patternsand (b) images of PTIBDT and

PTIFBDT films.
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2.6 Summary and Future directions

In conclusion, two Type Il doneacceptor copolymers including PTIBDT and its fluorinated
counterpart PTIFBDT with -‘2limentional BDFT as donor backbone anddolin-2-one as
acceptor side chain were successfully designed and synthesized via simple synthetichiolites
alsoindicatedthe low cost of these donor polymeBonth novel polymers demonstrdtavide
optical band gaps achieving fully complementaght harvesting to enhance high and deep

lying HOMO levels which could effectivelyncreaseV,c resultingin improved photovoltaic
performances when ITIC was used as acceptor. PTIBDT:ITIC blend film achieedighest
PCE of 8% , and PTIFBDTIIC blendgot a comparable PCE of 7.7% astiowed thébestV ¢
which was up to 1VThe photovoltaic resultshowedthe polymerscan be promising donor
materials with low synthetic costs and comparaigé OPV performances compared with current
high-performance donor polymers synthesizedte@ious routes.

For the future work, both PTIBDT and PTIFBDT based deweee found to beastrictedfrom
further PCE improvement by tHemited . and FFvalues thaicould be attributed to the low
crystallinity of PTIBDT and PTIFBDT polymers, and this highly amorphous property should be
relatedwith the disordered side chains with both Z/E configurations. Moreover, the PLQE results
revealedthat the hole carrier generation was not favored with low ITIC quenching efficiency of
PTIBDT:ITIC film. Consequently, it might be helpful to change the NFA nmeténom ITIC to
some recently published NFA molecules such as Y6, which typically erddnec@: valueand
maintairs efficient exciton generation at sm&lODMO level offset*® In addition,introduction of
solventadditives with ahigh-boiling pointinvolving 1,8-diiodooctane (DIO) might be effective
method to furter enhance PCE results with improved ahd FF due to the optimization of

morphology andmprovedcharge transport®

48



2.7 Experimental Section

Materials and Characterization

All solventsand chemicalsvere provided bycommercial suppliers such as Sig#larich and

were directlyapplied without purification. Density functional theory (DFT) simulations were
calculatedby Gaussian 09 software at the B3LYP levighwg-31G (d) basis set. Higtemperature

gel permeation chromatography (HGPC) analyses were measured on AgilertGRC220 using

124t ricl orobenzene as eluent at column temper
standard. Thermogravimetric anadgs(TGAs) and differential scanning calorimetry (DSC) data
were obtained with TA Instruments SDBOnde2960 a
protectionof nitrogen flow CV measurements were conducted on a CHI600E electrochemical
analyzer with an Ag/gCl as reference electrode. Two Pt disk electrodes functioned as the counter
electrode and working electrode which was coated by the polymer film in 0.1M
tetrabutylammonium hexafluorophosphate solution in acetonitrile at a scan rate of 16Q.mV s
Ferrocee which has a HOMO level of 4.8eV was used as reference. TheidJabsorption

spectra of polymers weracquiredby Cary 7000 Universal Measurement Spectrophotometer
(UMS). Two-dimensional grazingncidence Xray diffraction (2DGIXD) patterns were obtained

with a Bruker D8 Discover powder diffractome
0.15418 nm) in standaBraggBretano geometry. Atomic force microscopy (AFM) images were
characterizedby Digital Instruments Dimension 3100 Nanoman Nanoscope IV microscope.
Photoluminescence (PL) spectra were recorded on Horiba PTI QuantaMasterTM 8000 Series

Fluorimeter

Fabrication and Characterization of OFET Devices
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Thecharge carriemobility of polymeswas measured by OFET deviceaibottomgate bottom

contact (BGBG) configuration. The fabrication gidparation of OFET devices was as followed:

the gold contacts including source and drain were deposited on a SiO2/Si substrate through
conventional photolithography and thermal deposition where the heasddpgd p+Si wafer was
employed as the gate etexde, and the 300nm thickness of SiO2 layer which was thermally grown
was used as the insulating dielectric. The prepared wafers were then cut into small pieces
containing several transistor pairs and sonicated by acetone and folkkomexpanol (IPA) inan
ultrasonic bath for 20 min respectively, which were then treated by oxygen plasma. After that, the
cleaned wafers were soaked in dodecyltrichlorosilane (DDTS) solution (3% DDdkeng for

20 min and washed by toluene followed by drying underggindlow. The polymer film was then
formedon the wafer substratea the spincoating methodct 3000rpm for 60s using a polymer
solution in chloroform with the concentration of 5mg/ml, and the fabricated device was then
thermal annealed at various temperas for 20 min under argon environment inside a glove box.
The fabricated OFETs had a channel widhH ¢f 30 um and a channel length) f 1000 um and

werecharacterizedy an Agilent B2902A Semiconductor Analyzer inside the same glove box.

Fabrication and Characterization of Organic Solar Cells (OSCs)

Organic solar cell devices of inverted configuration were fabricated with ITO/ZnO/Active
layer/MoO3/Ag as indicated iRigure 2-13 (a).Firstly, the ITO glass substrates were immersed

and cleaned by sonification in deionized water (DI water), acetone, and IP20fanin,
respectively. Then the substrates were dusihg nitrogen flow andreated byoxygen plasma
cleaning for 10 min. Subsequently, a layer of ZnO (~40nm)oeatedon the substrateia Spin

coating methoat rpm of 4000, and the devices were thenerd at 200 for 1 hr

preparedsubstrates wenmovedinto glove box in nitrogen environment, and an active layer (D/A
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blend) was sircoated on the substrate using the solution of donor polymer and ITIC. The
fabricated devices with films werdried in the vacuum overnight. Finally, the top electrode
compris a layer of MoO3 (~7nm) and Ag (~120nm) was evapomatite presence of abohitx

107" mbar vacuum in thermal process and deposited onto the substrate. The curreritviéasjéy

(FV) performances of the organic solar cells weraratterized on an Agilent B2912A
Semiconductor Analyser with a Science Tech SLBAMolar Simulator. The light source was A

450 W xenon lamp with an air mass (AM) 1.5 filter.
Synthesis Procedures

Synthesis of 2,&dibromothiophene-3-carbaldehyde

0 R

Y NBS

/ \ > /L’—\i

Br S Br
S RT, DMF

This compound was synthesized following the method reported by literature:

3-thiophenecarboxaldehyde (9 g, 80.25 mmol) was added to a 250 mieckeound bottom

flask. Then 120 mL dimethyl formamide (DMF) was added to dissolve the solid. N

bromosuccininde (NBS) (45.71 g, 256.81mmol) was then charged to the reactor as solution in

100mL DMF dropwise, and the reaction mixture was kept stirred for 48 hrs in the dark at room

temperature. The reaction mixture was then washed with water and extracted Hyethethyl he

organic layer was collected and was dried using anhydrous sodium sulfate (Na2S04), and the

solvent was evaporated by rotary evaporator under reduced pressure to give crude solid. The crude

product was further purified by column chromatograpyyolumn chromatography on silica gel

using the eluent of 13 dichloromethaneand hexaneto give the pure product as yellow solid.

(yield: 15.16g, 70%) 1H NMR (300 MHz, CDCI3, ppfn)9.80 (s, 1H), 7.34 (s, 1H).
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Synthesis 0f(Z)-3-((2,5-dibromothiophen-3-yl) methylene}l—methylindolin-2—one (M1).

| Ii P
N S 0" \
—»
@‘f I\
Piperidine Br—>g”"Br

Ethanol 80°C
M1

2,5-Dibromothiophene-carbaldehyde (0.473g, 1.754mmol) andnéthyt2-oxindole (0.258g,
1.754mmol) were added to a 25mL tweck round bottom fkk, and the reactor was purged for
three times with nitrogen. Absolute ethanol (12mL) was injected via a syringe, and
piperidine(0.234mL) was then added. The reaction mixture was refluxed overnight under nitrogen,
and orange solid precipitate out from tavent. After cooled down to room temperature, the
crude solid was collected by filtration and then washed with ethanol (3x5mL) then dried under
vacuum to obtain the product as yellow solid. (yield: 0.443g, 43%) 1H NMR (300 MHz, CDCIS3,
G/ ppm): B7.56853(dsJ = 9HzHIH), 7.40 (s, 1H), 7-328 (t, J = 6Hz, 1H), 7.69

7.04 (t, J = 6Hz, 1H), 6.88.80 (d, J = 9Hz, 1H), 3.27 (s, 3H).

Synthesis 0f(Z)-3-((2,5-dibromothiophen-3-yl) methylene)5-fluoroindolin -2-one (2).
o)

\
F

HN
Br

@j O\
—>

Piperidine Br IS\ Br

Ethanol 80°C

2,5-Dibromothiophene-carbaldehyde(0.335g, 1.24mmol) and-flibrooxindole (0.187g,
1.24mmol) were added to a 25mL dry tweck round bottom flask, and the reactor was purged
for three times with nitrogen. Anhydrous ethanol (9 mL) was injected via a syrirgpipemnidine
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(0.165mL) was then added. The mixture changed color to yellow immediately when piperidine
was added. The reaction mixture was then refluxed overnight under nitrogen protection. Orange
solid precipitate out from the solvent after overnightpafig. The solid was collected by filtration

and then washed with methanol (3x5mL) then dried under vacuum to give the crude orange
product. (yield: 0.41g, 81%) Due to the poor solubility of this compound 2, the crude solid was
directly applied in the nextep.

Synthesis 0f(Z)-3-((2,5-dibromothiophen-3-yl) methylene)5-fluoro-1-methylindolin -2-one
(M2).

F F
N
HN CHjl N
(OM\ —_— 07 \
/\ NaH,DMF \
Br—g” "Br Br /s Br
2 M2

Compound 2 (0.174g, 0.432mmo, 1 equal) and sodium hydride (0.052g, 2.16mmol, 5 equal) were
added to a 25mL dry twoeck round bottom flask, and the reactor was purged for three times with
nitrogen. Anhydrous DMF (6mL) was injected, and iodomethane (0.09%®2mmol, 1.3 equal)

was added dropwise in ice bath. The mixture w:
warmed to room temperature and poured to 200mL DI water. The desired product was extracted

by ethyl acetate and washed by DI water larigle for three times. The organic layer was collected

and dried by anhydrous sodium sulfate (Na2S04) and then the solvent was removed under reduced
pressure to give the crude product. The obtained solid was further purified by column
chromatography onlgta gel using the eluent of 1: 9 ethyl acetate and hexane. (yield: 0.14g, 68%

) 1H NMR (300 MHz, CDCI 3, U/ ppm): -B98@71lH, s, 1H

6.746.71 (m, 1H), 3.26 (s, 3H).
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Synthesis ofpolymer PTIBDT

C4Hg
SN
P(o-tol)s/Pdy(dba)s
- +
Br /S\ Br Clorobenzene,90°C
M1

PTIBDT

M1 (0.0734g, 0.184mmol, 1.0 eq.), BDT (0.166 g, 0.184 mmol, 1.0 eq.) amtbisil)phosphine
(P(otol)3) (0.00447g, 0.0147mmol, 0.08 eq.) were added to a 25 mL drpealoround bottom

flask connecting with a water condenser, and the reactor was purged for three times with argon.
Anhydrous chlorobenzene (4 mL) was firstly injette the reactor via a syringe to dissolve the
solid, and subsequently tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) (0.00337g, 0.00368
mmol, 0.02 eq.) was added as solution in 0.5mL of anhydrous chlorobenzene. The temperature
was t hen he ad thelreattion nmixre was @hen stirred for 18 hrs under argon
protection. The reaction solution was then cooled down to room temperature and poured into
150mL stirring methanol. The crude solid was filtered and washed by methanol, dried and lastly
purified via Soxhlet extraction with the solvents of acetone, hexane and chloroform. A dark black

film was yielded upon removal of the chloroform. (yield: 0.135g, 90%)
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Synthesis ofpolymer PTIFBDT

~ F
N P(O-t0|)3/Pd2(dba)3
I+
(B) Clorobenzene,90°C
Br~>g Br
M2

PTIFBDT

M2 (0.0427g, 0.1024mmol, 1.0 eq.BDT(0.0926g, 0.1024mmol, 1.0 eq.) and d¥i(
tolyl)phosphine (P(dol)3) (0.0025g, 0.00819mmol, 0.08 eq.) was added to a 25 mL drgeaio

round bottom flask connecting with a water condenser, and the reactor was purged for three times
with argon. Anhydros chlorobenzene (3.5 mL) was firstly injected to the reactor via a syringe to
dissolve the solid, and subsequently tris(dibenzylideneacetone)dipalladium (Pd2(dba)3)
(0.00187g, 0.00205 mmol, 0.02 eq.) was added as solution in 0.7mL anhydrous chlorobenzene.
The temperature was then heated to 90 , and
under argon protection. The reaction solution was then cooled down to room temperature and
poured into 150mL stirring methanol. The crude solid was filtered astesaby methanol, dried

and lastly purified via Soxhlet extraction with the solvents of acetone, hexane and chloroformA

dark black film was yielded upon removal of the chloroform. (yield: 0.0714g, 82%).
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Chapter 3 Synthesis and Characterization of PTIABDT and PTIPBDT

3.1 Introduction

In chapter2, two Type Il DA copolymerscomprised ofbenzo[1,2b:4,5b0]dithiophene (BDT)
donor backbone and indolzrone acceptor sidehain have been successfully synthesized and
characterizethy several techniqueés demonstrate wide optical bandgaps and dgag HOMO
levels as promising donor matesalhen matched with commonly used NFA, ITIC. Interestingly,
it was found that the introduction of fluorine atom to the ind@hone sidechain had showwery
little influenceon the optical bandgap as well as energy levels resuitisgnilar properties for
both polymer with or without fluorinatignand more importantly, the fluorinated polymer,
PTIFBDT, still exhibits very large threshibloltage (\) in OFET devices indicating serious hole
trappingprobleminduced by the electrench nitrogen atom in indolir2-one unitwhich should
limit the OPV performanceConsequently, in this chapter, another strong eleatitmdrawing
carbonyl group W bedirectlyintroduced to thaitrogen atom oindolin-2-one sidechain aiming

at furtherdecreasing the number of hole trapsl thus presumingetter photovoltaic performance

when the new donor paners are applied in OSC devices.

R= *,CH3 PTIABDT

R= +~ “CH; PTIPBDT

Figure 3-1 Structures of Type |, Type Il {3 copolymer and PTIABDT, PTIPBDT polymer.
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As shown inFigure 3-1, two carbonylated polymers including PTIABDT with acetyl group
introducedand PTIPBDT withpropionyl groupintroducedwere designed and synthesizgd
simple synthetic stepand the different alkyl chain lengtlaremodulate thesolubility of resulted
polymerswhich will be discussed later. It has been investigated thatttieelucedcarbonyl group
onto electrordeficient unitscan significantly decreaseéhe HOMO level ofthe resulting donor
polymers without influence on the bandgaplou et. aP® reported thesubstitution of ester group
with ketone group to givehieno[3,4-b]thiophene (TTC) unit which was substituted with
alkylcarbonyl groupand copolymerized with BDTyielding the polymer PBDTTIC which
achieved lower HOMO level and increaseg & shown irFigure 3-2. Then the alkoxy group on
BDT unit in PBDTTTC was further replaced with alkylthienyl group to form 2D conjugated
copolymer, PBDTTTC-T, (Figure 3-2) which demonstrateeven lower HOMOgnhanced hole
mobility and improved photovoltaic properti€$.In addition, although fluorination has been
commonly adopted as effective approach to decrease the HOMO level, it takes quite tedious and
costly procedures to synthesi®’ thus carbonylation an be alternative effective method with

lower cost to achieve lowdying HOMO level.%

/\
Br S Br

R
TT-C PBDTTT-C

Figure 3-2 Structures of TIC, PBDTTT-C and PBDTTTC-T.
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3.2 Structure Simulation by Density Functional Theory (DFT)

Density functional theory (DFT9imulationwas firstly performedto simulate the donor polymer
structure viagGaussian 09oftwareat theB3LYP/6-31(d) levelto predict the optimized geometry
and energy levels. Since PTIPBDTagounterpart of PTIABDT polymer with a longer propyl
chain aiming to improve the polymer solubility, and the long alkyl side chain is commonly
abbreviated as a short methyl group inTD&alculation so that the one repeating unit BDY

with one acetyl group introduced was simulated to représdgmPTIABDT andPTIPBDT.Very
similary with PTIBDT and PTIFBDT polymers discussed in Chaptet 3, also highly possible

for the TIABDT repeating unit to form both Z and E configurations due to the rotatidineof
vinylene linkage between BDT and indelrone so Z- and Eisomers were simultaneously

simulated as shown irigure 3-3.

@ .4
;ga{:,,
Y LY ok
= oWoY%
e

LUMO = -2.40eV HOMO = -5.23eV

TIABDT-E

Figure 3-3 Optimized geometries of PTIABD&nd PTIPBDT and predicted energy levels in

different configurations.
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According to the optimizeftontier energy levels, carbonylatioarcfurther decrease the energy
levels with theZ-isomer possessing the lowest simulated HOMO leved.@8eV in this series of
Type Il D-A copolymers including PTIBT, PTIBDT and PTIFBDT. The HOMO level wlaswn

to be downshifted by 02eV for Z-isomer and .3eV for E-isomer when compared with the
repeating unit TBDT of PTIBDT polymer, and fluorination was shown to lower the HOMO level
of PTIBDT by 0.@eV for Z-isomer and 0.05eV for-isomer in theornas discussed in Chapter 2
illustrating theenhancealectronwithdrawing effect of the introduced carbonyl group in Type II
D-A polymer structure. In addition, the charge distributions showed the very delocalized LUMO
on the acceptor part amlocalized HOMO on the donor backbaspecially for Esomerdue

to the strongoushpull effect in this kind of structure where BDT functions as donor backbone
with indolin-2-one as acceptor side chand the strong electrotwithdrawing property of the

introduced carbonyl group.

3.3 Synthesis of Monomers and Polymers

PTIABDT and PTIPBOT polymes were developedwith introduction of acetyl groupand
propionyl groupon the indolin2-ong respectivelyand the monomers and polymeasibe simply
synthesized via a few steps according to the synthetic routes as indicdtiegdirien 3-4. The
monomerM1 for PTIABDT and the key intermediate 2 for PTIPBDT wesmaply prepared by
Knoevenagel condensation reaction betweemcblyt2-oxindole & indolin2one and 2,5
dibromothiophen&-carbaldehyde using piperidine as the catalyst with absolute alcohol as solvent
following reported literature metho® The crude product precipitated out from the solvent when
the reactiommixture was cooled down to room tempenaandwashed with methanol to obtain

the pure compoundrhe monomeM?2 for PTIPBDT was furthersynthesized by attachment of
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propionyl group on the nitrogen atom of indeflone unit via refluxing in the propionyl anhydride

liquid, and the crude product was purified by column chromatography to give the final monomer.

98

Piperidine
Ethanol 80°C

P(o-tal)y/Pdy(dba)s

—_—
Clorobenzene,80°C
Q
A
I{. HN \).i i}k/
H iy
N_go Br s’ Bf o ©
@_)‘ —_— —_— pe .CH;  PTIABDT
- K Reflux, 4h *
Piperidine Br=~g”~Br
1) Ethanol 80°C R= +~ “CH; PTIPBDT

2 M2

Figure 3-4 The synthetic route® PTIABDT and PTIPBDT
The structursof the monomers were carefully investigatedidyNMR, and it was found that M1
only demonstrated isomer inénfiguration according to if4d-NMR spectrum since the proton
peak that was located at 8.42ppm was assigned to the special hydrogehaiomds formed
between the -position carbonyl group on the indoihione unit and the-position hydrogen on
the thiophene unit ashewn in Figure 3-5 which is consistent with the-@nly configurational
monomers for PTIBDT and PTIFBDT as discussed enl#st chapter. Indeed, we proposed one
hypothesis for this configurational stability of this series monomers that is the short methyl alkyl
chain could effectively prevent the vinylene from rotating which leads to the formation of both
Z/E isomers. Intedingly, the monomer for PTIPBDT, M#vas investigated to form both Z/E
isomers in the ratio of 43:27 (Z:E isomer) after the column chromatography purification, and the

H-NMR data inFigure 3-5 showed that the Zisomer also forred the hydrogen bond wti

showed ar ger chemical shift (04) t cisoberdeinpnptratie wi t h

a smaller 0O with a split dou bslbrandolirpp2eoaclbendenee t
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ring. Consequently, even the propionyl side chain with the extra length of one methyslgoeap
great influence on the configurational stability of the desired compdtunes also found that the
propionyl group of M2 couldhe easily removedhenheated at high temperature. When M2 was
heated in chlorobenzene @at0 for 1 hnew spotaappeatred m rthe testitign layer
chromatography TLC) plate indicating the partial decomposition oM2 compound with the
removal of propionyl groupshich also affected the lateral mobilityll be discussed later.

Two Type Il DA copolymers PTIABDT and PTIPBDT were synthesized vitne Stille cross
coupling reaction as reported in literatures with tnanomers of M1&M2 and BDRT stannane
compoundn 1:1 ratio in the presence of Rdba) as catalyst, P¢ol)s employedas ligandwith
chlorobenzenasedas solvent. The crude dagkeenpolymess precipitated out from methanol and
werepurified with acetone and hexane by Soxhlet extraction. Noticeably, PTIABDT showed poor
solubility in chloroform with 92% of polymers extracted by chlorobenzene which could be due to
its higher molecular weight dine strong aggregation propedf the polymer. PTIPBDT polymer

showed much improved solubility with 50% extracted by chloroform.

[} @ w0 mo ~ oM~ o -
(@) ¥ o8 98 & ERER a3
) r / (
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Figure 3-5*H-NMR spectra of monomer of PTIABD(R) PTIPBDT (b).

3.4 Characterization of Polymers

3.4.1Physical Properties (GPC, TGA and DSC)
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Figure 3-6 High temperature GPC molecular weight distribution @ PTIABDT measured
using 1,2,4trichlorobenzne as eluent at 110 °C with a flow rate of 1.00 mtiaid p) PTIPBDT

measured using chloroform as eluent at room temperature
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The molecularweight of PTIABDT was measured by higtemperature gel permeation
chromatography (HIGPC)with 1,2,4r ei chl or obene as the el uent
employed as the standard. The molecular weight of PTIPB&Imeasured using chloroform as
theeluent at room temperaturehe numbeiaverage molecular weight (Mn) wHsisdetermined

to be87.9kDaand 39.6 kDdor PTIABDT and PTIPBDT, respectiveliolydispersity indeXPDI)

for PTIABDT and PTPBDT weremeasured to be 21 and2.99where PTIABDT demonstrated
superiorhigh molecular weight whicbould explain itsvery limitedsolubility in common organic
solvents.(Figure 3-6) The thermh stability of two polymers werecharacterizedoy thermal
gravimetric analysis (TGAxnddifferential scanning calorimetry (DS@$ illustratedin Figure

3-7. As shown inFigure 3-7(a) andTable 3-1, PTIABDT showed2 % decomposi ti on
and PTIPBDT showed 1% ei ght | oss at 170 f @% weiglht msaf i r st
321 for the s e.cThentatal weight o duwirgyithe first decomposition was
estimated to be 6% very close to the theoretical weight loss when the propionyl group were all
removed and evaporated which was calculated to be Grap¥ging the possibility of propionyl

group removal during the first decomposition procéssording to the DCS dathpth polymers
showed very amorphous statgéthout obvioustransition peaks, andnly polymer PTIABDT

exhibitedaveryweak glass transitiolempeature (g)a t 7 Rable 3-1)
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Figure 3-7 TGA (a) and DSC(b, c) curves of PTABDT andPTIPBDT.
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Table 3-1 Molecular weight and thermal properties of PTIABDT and PTIPBDT

Polymers My (kDa) Mw(kDa) n (Mw/Mn)  Ta¥( ) T ) To )

PTIABDT 87.9 25.6 2.91 326 / 72

PTIPBDT 39.6 118.7 2.99 170 321 /

3.4.2 Optical and Electrochemical Properties (UWis and CV)

The UV-vis spectra of PTIABDT and PTIPBDT polymexgremeasured and showedHhigure

3-7. Both donor polymers have demonstrated broad and flat light absorption with two absorption
bands involving one low energy band and a high energy one inrige td 306700nmwith
similarabsorption shape companeidh PTIBDT and PTIFBDT polymers discussed in Chagter
PTIABDT film showed the absorption maximum at 576nm, and this maximuams located at
571nm for PTIPBDT film. It is worthy to notice that the two polymers stwbwower bandgaps
whichwereestimatedased on the onset wavelergyiithe polymes film absorption speca, and

the band gap is determined tobb83eVfor PTIABDT and 1.84e\for PTIPBDTwith theslightly

red shifted absorptioocompared with PTIBDT and PTIFBDimplying a more ordered polymer
chain stacking. Meawhile, the donor polymers also achieve complementary light absorption
covering the whole visible light range (3800nm) when blended with ITIC ensuring the enough
photons absorbed to furthiee convered to charge carriers.

Table 3-2 Optical and electrochemical properties of PTIBDT and PTIABDT

Donor ama’®  Bmax™  Bensel™  ELPLPC HOMO LUMO
Polymers (nm)  (nm) (nm) (eV) (eV) (eV)

PTIABDT 573 576 679 1.83 -5.60 -3.77
PTIPBDT 543 571 673 184 -563 -3.79
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The energy levels of PTIABDT and PTIPBDT were measured by the cyclic voltam(@atyy

and the HOMO and corresponding LUMO levels were determined0.86@eV and3.77eV for
PTIABDT, and the values wer&.63eV and-3.79eV for PTIPBDT.The HOMO levels were
estimated with correspondence to the oxidation potential onset obtained by CV measurement as
shown inFigure 3-9, and corresponding LUMO levels were then deduced from optical band gap

due to the absence of reduction potentidhexCV measurement.
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Figure 3-9 Cyclic voltammetry profiles of PTIBDT and PTIFBDT in tetrabutylammonium

hexafluorophosphate acetonitrile solution (0.1M) at a scan rate of -1V

Interestingly, it was found that PTIABDT showed the same HOMO level when compared with

PTIFBDT which was only 0.01eV higher than PTIBDT although the DFT simulagsalts
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predicting the stronger effect oarbonylation on the downshift of HOMO level compared with
fluorination which could be related with the intrinsic properties of TypeAl iblymersattributed

to the introduction of electrewithdrawing groupgo the side chain instead of the main polymer
chain.PTIPBDT with propionyl group exhibited dowshifted HOMO which was 0.03eV lower
than PTIABDT polymer similar with reported conjugated polymers demonstrating slightly- lower
lying HOMO levels wherthe length of alkyl side chain was increaséth addition, it was noticed

that the CV profile of PTIABDT contained the reversilol@rent peak which was absent for
PTIBDT, PTIFBDT and PTIPBDT. This appearance of reie current was assumed to rely on
the less charge trapping property of PTIABDT polymer brought by the introduction of strong

electronwithdrawing carboxyl group which will also be discussethinext OFET part.

3.4.3 Organic Fieldeffect Transistor (OFET) Properties
OFET devices were manufactured to determine the charge mobilities of the donor polymers via
spintcoating the polymer films as active layers in BGBC configuratibime corresponding

summary mobility results at different temperataee presented ihable 3-3 andFigure 3-10.

The PTIABDT polymer demonstrated much improved hole mobility up to OSOI%B-ls-lW hich

is one order higher in magnitude compared wit
The much higher mobehhapwcetHoaordsbel Huei tyg twhe
the XRD data discussed | ater. Mor eowhe rf,ori tt hiiss
pol ymer decreases to very smanullci mpmbeedct npaprg
probl enmriorcetsise of chamdae ¢ar rtiheer vtewanh $spt oreotmign ge
property of the carbonyl group. As di seamssed

be related with the existence of f20@e pait,h6 ofl
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Table 3 3BGBC OFET performances of PTIABDT and PTIPBDT at different annealing

temperatures
PolymAnneali Avg mobili Max mokV (V) I y orr
Temp ( ( sz-ls-l) ( sz-ls-l)
RT 0.010 NO.0O.011 -1.64 16
50 0.013 NO.0O0.015 1.96 19
PTI AB 10O 0.0079N0.00.0095 -2.78 19
150 0.010 NO.0O.013 9.46 19
200 0.0058N0.00.0072 -27.9 16
RT 0.0044M 0 . 0 0 0 2 0.00498 -43.8 10
50 0.005260 0 . 0 0 0 7 0.00641 -41.3 10
PTI PB 10O 0.0054MN 0 . 0 0 0 2 0.00592 -36.0 10
150 0.00640N 0 . 0 0 0 4 0.00698 -41.6 10
200 0.003540 . 0 0 0 & 0.00446 -47.5 10

3.5 Photovoltaic properties of PTIABDT and PTIPBDT

According to the discussion on energy levels and transistor mobilities, the new polymers including
PTIABDT and PTIPBDT exhibit the same@renlower-lying HOMO levels and improved charge
trapping properties compared with PTIBDT and PTIFBDT which shoutthdu increase the
corresponding Y and show better charge transpdwtnce achieving better photovoltaic
performance. The first step still involves the investigation of exciton separation efficiency in the

blend films via photoluminescengeenching efficiency (PLQE) technology.
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Figure 3-11(a) and (c) Photoluminescence spectra of neat films of PTIABDT, PTIPBDT and
blend films of PTIBDT: ITIC, PTIFBDT: ITIC when excitation wavelength is 500(mhand (d)

neat film of ITIC and blend films of PTIBDT: ITIC, PTIFBDT: ITIC when excitation wavelength

is 707nm.

The quenching results were shownHigure 3-11, where the photoluminescence of PTIABDT

and PTIPBDT pristine films which were excited at the wavelength of 500nm were quenched by
ITIC with the PLQE values of 89% and 93% for their blend films, respectively. On thehatiokr

the photoluminescence of gtine ITIC film were quenched by PTIABDT and PTIPBDT with the
PLQE results of 86% and 89%, respectively, when ITIC was excited at the wavelength of 707nm.
The PLQE results revealed moderate efficiency of exciton diffusion and separation in
PTIABDT:ITIC and PTIPBDT:ITIC blend films which could be further improved to enhance
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better OPV properties if different acceptor materials are employadhaiswould be discussed
later.

The inverted organic solar cell devices were fabricated with the blend films of PTABD
and PTIPBDT:ITIC as the active layers. The configuration of the OSC devicehmmdical

structures otlonor polymers and acceptors are illustrateligure 3-12 (a)

Figure 3-12 (a) Schematic of inverted device structure for O%@d (b) chemical structures of

ITIC and IT-4F.

The solar cell results for PTIABDT:ITIC and PTIPBDT:ITIC blend films were showFignire

3-13 and Table 3-3. The PTIABDT:ITIC system exhibited a PCE of 3.99% witk &f
10.61mA/cm, Vo of 1.05V, FF of 36%, and the PTIPBDT:ITIC system showed a lower PCE of
3.29% with d.of 7.84 mA/cn3, Vocof 1.05V and FF of 40%t room temperatur&oth the systems
demonstrategduperior high ¥ values whichweremainly due to their very lowdying HOMO
levels. However, the much lower current density) @nd fill factor (FF) seriously limited the
further improvement of these systems showing the low efficiency of excitomatjeneand
dissociation and charge collection on the electroBeth PTIABDT:ITIC and PTIPBDT:ITIC
active layers showed decred$¢eCE r esul t s when ann€ahlé33d at
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Figure 3-13 Current densyt-voltage (3V) curves of OSCs of active layers of PTIABDT:ITIC and

PTIPBDT:ITIC at room temperature.

Table 3-4 Summary of OSC devices performance of PTIABDT:ITIC and PTIPBDT:ITIC

Annealing
Active layer  D/Aratio Solvent temperature Jsc Voc FF PCE
() (mA/cm?) V) (%0)
PTIABDT:ITIC 1:1 CB RT 10.61 1.05 0.36  3.99%
PTIABDT:ITIC 1:1 CB 100 9.81 1.03 0.33  3.32%
PTIPBDT:ITIC 1:1 CB RT 7.84 1.05 0.40 3.29%
PTIPBDT:ITIC 11 CB 100 6.68 1.05 0.32 2.24%
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The lower PCE results at annealing condition were consistent with the low crystallinity measured
by two-dimensional grazingncidence Xray diffraction (2DGIXD) of the neat polymer flaxes as
shown inFigure 3-14. Very similaty with PTIBDT and PTIFBDT polymersn Chapter 2,
PTIABDT and PTIPBDT showed a broad and weak lamellar diffraction (100) p@al aB.9 %

for PTIABDT and O02faf BTIPBDFWi t hout ap-peatanckengfdiffra
The corresponding-dpacing in interlamellar direction was estimated to be 2.26nm for PTIABDT
and 2.2hm for PTIPBDT which wasslightly less ordered than PTIBDT and PTIFBDT with d
spacing of 2.1nm and 1.96nm. All four polymers including reported PTIBT exhibit low
crystallinity which might be due to the intrinsic property of Type HADcopolymers with large
conjugated side chains easily leading to disordered polymer chain interaction which also partially
explairs theacquiremenbf low Jc and FF since the very amorphous morphpldges not favor

the efficient exciton diffusion and free carrier transport.
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(b)

Figure 314 (@) Out of plane line cuts of GIXD patterns, afi)images of PTIABDT and PTIPBDT.

One possible explanation for the low &fd Jcof PTIABDT:ITIC systemwasbecause of the poor
solubility of PTIABDT polymer which showed no solubility in chloroform and only dissolved in
hot chlorobenzene and thus resulteschorthomogeneous dona@cceptor separation whiahas

not favored for the ex@n separation and free carriers transjatiing to both lowsd and FF.
However, although PTIPBDT polymer demonstrated much better solubility in chloroform and
should enhance theomogeneously mixed phase of donor polymer and acceptor materials,
PTIPBDT:ITIC blend still exhibited even loweg.and also low FFThe lower & of PTIPBDT

based OSCs might be due to its lower lateral hole mobility and more serious hole trapping problem

illustrating by high \f, compared with PTIABDT polymer as discussedheOFET part.
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-112
Figure 3-15AFM height(a) andphasegc) images of PTIABDT:ITIC blend film, and heigfit)

andphasg(d) of PTIPBDT:ITIC blend film.

To further investigate the photovoltaic results, the blend film morphology was characterized by
AFM as illustrated inFigure 3-15. For the PTIABDT:ITIC blend, the height image showed
relative smooth morphology with the RMS roughness of 0.93nm indicéomgyogenously
separabn between donor polymer and ITIC. However, it was observed that lots of small pinholes
existed in the film with might trap the transporf charge carriers resulting in low:and FF.

The phase image of PTIABDT:ITIC also demonstrated the existence of pinholes and some grain
aggregation which could be related with the poor processability of PTIABDT irobhens. On

the other hand, it was found that PTIPBDT:ITIC blend film showed decreased numbers of pinholes

and even lower RMS roughness of 0.74nm as shown in height and phase images as a result of
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improved solubility of PTIPBDT. Nevertheless, this blendnsee to exhibit poor miscibility
between PTIPBDT and ITIC due to the large size of formed pinholes and less homogenous film
morphology which was not favored for the exciton diffusion and charge carrier traresuiting

in low photocurrent generation

Another possible explanation for the extremely low FFs of PTIABDT and PTIPBDT based OSC
could be due to the improper choice of acceptor material. Hence the fluorinated counterpart of
ITIC, IT-4F (Figure 3-12 (b)), was chosen to be alternative acceptor which exhibits deeper energy
levels with 0.16eV lower HOMO and 0.25eV lower LUMO and muchstafted light absorption

as well as enhanced light absorption coefficient compared with 1$¥GSince the better
processability of PTIPBDT showed less improvementsgand FF, PTIABDT was adopted as
donor material to match with 4F. PLQE was utilized to investigte the efficiency of exciton
diffusion and separation of PTIABDT:A4F blend film. As shown irigure 3-14 (a) (b), the
guenching efficiency of PTIABDT and #4F in PTIABDT:IT-4F blend filmwas determined to

be 9®6 and 98% for the pristine PTIABDT filmxeited at 500nm wavelength and-4F film
excited at 740nm, respectively. The better PLLQE results whdi Mas applied compared with
ITIC demonstrat improved exciton diffusion and separation whare expected toontribute to

Jsc and FF.
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Figure 3-16 (a) Photoluminescence spectra of neat films of PTIABDT and blend films of
PTIABDT: IT-4F when excitation wavelength is 500n(im), neat film of IT-4F and blend films of
PTIABDT: IT-4F when excitation wavelength is 707nm, doycurrent densitywoltage (V)

curves of OSCs of active layers of PTIABDT:HIF.

The PTIABDT:IT-4F blend film was thus applied as active layethminverted OSC device. The
OSC results are shown Bgyure 3-14 (c)andTable 3-4. Although FF was improved from 0.36
to 0.58 hence resulting better PCE of 4.48% comparadth the PCE obtained with ITIC, thecJ
and Vo simultaneously decreased which might be related with the less fawecedtinuous and

interpenetratingnetwork of active layer when IH4F was used as acceptor demonstrating the
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complexity of choice of acceptor materials to achieve all enhasg&dsand FF without sacrifice

of relating parameters.

Table 3-5 Summary of OS@evices performance of PTIABDTA4F

Annealing
Active layer  D/Aratio Solvent temperature Jsc Voc FF PCE
() (mA/cm?) %) (%0)
PTIABDT:ITIC 1:1 CB RT 8.38 0.92 058  4.48%
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Figure 3-17 AFM height(a) andphasgb) images of PTIABDT:IF4F blend film.

As shown inFigure 3-17, the PTIABDT:IT-4F blend film was characterizeddy AFM.
Interestingly, it wadound that the phase separation of this blend film was improved without
existenceof pinholes if compared with the PTIABDT:ITIC blend film. In additisghe RMS
roughness of this blend was increased to 1.6nm, and this kindermugface should enhance the
diffusion of excions and the transpast charge carriers, and hence the improved phase separation
and increasedughness could partially explain the much enhanced FF in this sydtevever,

the film shovedseveral obviousdgesiemonstrahg the poomiscibility between PTIABDT and
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IT-4F without the formation of btcontinuousnterpenetrating netwonkhich could beattributed

to the poor solubility of PTIABDpolymer.

3.6 Summary and Future directions

In conclusion, in this chapter, twbype-ll D-A copolymers of PTIABDT and PTIPBDT were
designed and synthesized with the introduction of strong elewattbdrawing carbonyl functional
group as further development of this type of polymergrprove the hole trapping problem
PTIABDT with acetylgroup was found tehow high molecular weight whereas the solubiis
poor in common organic solvents such as chloroform and onlgldslsin hot chlorobenzene.
PTIPBDT with the longerpropionyl group was thus synthesized to improve solubility.
Interestingly, the monomer for PTIPBDT formauxture of Z/E isomers after th&noevenagel
condensatiordifferent from monomers for PTIBDT, PTEDT and PTIABDT with only Z
configuration after the condensation reaction which might be due to effect of longer propionyl
chain on the tendency diie vinylene linkage between BDT and indelroneto rotate hence
forming Z/E isomers.

Both PTIABDT and PTIPBDT were investigated to show decreased band gapsl ar88eV
with lightly red shifted light absption and comparable dedping energy levels with PTIBDT
and PTIFBDT. Noticably, PTIPBDT exhibits the lowest HOMO level €5.63eV in this seesof
polymers.As what we expected to seleTIABDT demonsrated much inproved OFET hole
mobility which is up to 0.015cfvs* with low threshold voltage which is almost zero reveslin
less hole trapping problem which could be attributed t@tetylgroup withdrawing the free pair
of electrons from nitrogen atom on indeRrone unit. However, both PTIABDT and PTIPBDT
polymers showed lower PCE results when matched with idd@pared with PTIBDT and

PTIFBDT, and PTIABDT showed the highest PCE of 4.48% whefRTvas applied as acceptor.
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The much lowersdand FF could be due to the highly amorphous properties of polymers and the
not favorable active layenorphology whendTIC or IT-4F wasused resultingn low efficiency of
exciton genertgon, diffusion and separation as well as charge carrier transport and collection.
For the future direction, the polymer PTIABDT exh#high hole mobility andow Vi, making it
suitable sensing platform for OFET based sensor to detect variouscalsesind tenperature
change. For instance, our group has distadd methodology to detect real time temperature
change using thimdolin-2-onebased conjugated polymeas active layers in resistoype sensor
showing high sensitivity. Thus it will be inestingto investigate the tempegturesensitivity of
PTIABDT which alsdanvolvestheindolin-2-onestructure since the temperature response has been

asumedo be réatedwith the properties athis constructing unit.

3.7 Experimental section

Materials and characterization

All solventsand chemica were govided bycommercial suppliers such as Siglarich and

were directlyappliedwithout any purification. The DFT simulation, NMR, H3PC, TGA, DSC
measurements, UVis, CV, XRD and PL characterization were completed following the same
process as describeadChapter 2.

Fabrication and Characterization of OFET and OSC devices

The fabrication and characterization of OFET and OSC devices were consistent with the

procedures and detaifescribedn Chapter 2.
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Synthesis Procedures

Synthesis of (Z)1-acety}3-((2,5-dibromothiophen-3-yl)methylene)indolin-2-one (M1)

Y Iﬁ
@f —
Br S Br

Piperidine
Ethanol 80°C

M1

2,5-Dibromothiophene-carbaldehyde(0.316g, 1.171mmol) anehaetyt2-oxindole (0.205g,
1.171mmol) were added to2&mL dry tweneck round bottom flask, and the reactor was purged

for three times with nitrogen. Anhydrous ethanol (9mL) was injected via a syringe, and
piperidine(0.156mL) was then added. The white mixture solution changed to yellow color
immediately afteaddition of piperidine. The reaction mixture was then stirred overnight at room
temperature under nitrogen protection. Yellow solid precipitate out from the solvent after
overnight refluxing. The crude solid was filtered and washed with ethanol and oidthgat the
product . (yi el d: 0.29g, 40%) 42(, 1H,BIEBB8.253d0)0= MHz ,
9Hz, 1H),7.637.60(d, J = 9Hz, 1HY.47 (s, 1H), 7.9-7.32 (t, J = 6Hz, 1H), 23-7.21(d, J =

9Hz, 1H),2.75(s, 3H).

Synthesis of (Z)3-((2,5-dibromothiophen-3-yl)methylene)indolin-2-one (2)
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