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ABSTRACT

EFFECT OF " -BRIDGES ON ELECTROCHEMICAL AND
PHOTOVOLTAIC PROPERTIES OF BENZOTHIADI AZOLE AND
BENZODITHIOPHENE BASED CONJUGATED POLYMERS

Di k b, ®ilareHce
Master of SciengeChemistry

SupervisorProf. Dr.A | i ¢éerpan
Co-Supervisor: DrG° n ¢ | Hezal an ¥zsoy
January 202296 pages
In this study,a series of thelectronDonor - b r- Aatepter type conjugated

polymers (PT1, PT2, and PT3) were designed and synthesided catalyzed Stille
polycondensation reactions. Synthesized polymers were usiEthasmoieiesand
blended with acceptor unit PBM to form the active layer of the bulk
heterojunctionorganic solar cellBHJ OSC). Polymers contairelectrondeficient
benzothiadiazole (BT) as acceptor wnitlelectronrich benzodithiophene (BDT) as
donor unit. Moreover, thiophene, selenophem®d thieno[3,20] thiophenewere
introduced to th@olymer backbonesathe” -bridge This study examined the effects

of “-bridges on the optical, electrochemical, and photovoltaic properties of the
conjugated polymersThe optical band gaps of the PT1, PT2, and PT3 tweesl

from 1.70 to 1.58 to 1B6eV with HOMO levels ugshifted from-5.60 to -5.48 to-
5.33 eV, r e s pbadgd way ahdnged frothisphendioeselenophene
then tothieno[3,2b]Jthiophene OSCs were constructedth the device architecture

of ITO/PEDOT:PSS/Polymer?C;1BM/LiF/Al, and power conversion efficiency
(PCE) of the devices were measured under standard AM 1.5G illumination (100



mW/cn¥). The highest PCE of bulk heterojunction solar ogsfound as 3.48%
for PT1amd 2.42 %for PT2.

Keywords: Benzothiadiazole, Benzodithiophenepridge, DonotAcceptor Type
Conjugated polymer, Organic Solar Cell.
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CHAPTER 1

INTRODUCTION

1.1  Energy Demand of the World

With the rapid development of modern society and the advancement of technology,
the energyghortage and environmental pollution caused bgtieegy demandf the

world are becomingproblematic.To fulfill the growing energy demand of the
developing world,variousenergysources havestartedto beused From the late
1800sto the present, fossflel (coal, oil, gas)has been the dominasource of
energy production, as reportedie Statistical Review of World Energy in 20P1]

shown inFigure 1.

Global primary energy consumption by source

Primary energy is calculated based on the 'substitution method' which takes account of the inefficiencies in fossil
fuel production by converting non-fossil energy into the energy inputs required if they had the same conversion
losses as fossil fuels.

Other
renewables

160,000 TWh Modern biofuels
Wind
140,000 TWh opo
Nuclear
Gas
120,000 TWh
100,000 TWh
80,000 TWh ail
60,000 TWh
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Source: Vaclav Smil (2017) & BP Statistical Review of World Energy OurWorldinData.org/energy « CC BY

Figurel. Globalprimary energy consumption by soufte?]



The combustion of fossil fuels to generate enenmggreases greenhouse gas
emissions, damagegseople's healthand accumulas harmful pollutants in the
environment. Théurningof fossil fuels contributes significantly to the increase in
carbon dioxide concentration, thereby exacenigahe threat of global warming.

Aside from environmental and health concerns, the gradubldeppi on of t he wor |
finite fossil fuel reserves adversely affects energy production and energy conversion
This isdriving up demand for clean, sustainable, and renewable energy seugces

wave, wind, hydroelectric, geothermal, biomass, satargy{3].

1.2 Renewable Energy

To deal with the negative impacts of fossil fuels on the environment and human
health and to overcome the increasing energy demand problemngfcountries,
renewable and environmentally friendly energy source alternatives have been started
to researchef¥]. Renewable energy is derived from constantly replenished natural
processesuch ashe sun, rain, wind, ocean tides, biomass, and geothermal resource
from heat generated deep under the ground in various[&pgySolar energy is one

of the cleanestfunctiond, cheap and environmentally friendlyenevable energy
sourcesthat do not contribute to global warming. Solar energy is superior to any
other type of energy in terms of environmental benefitdar energy technology
(SET) does not deplete natural resources, emit; @D other gases into the
atmosphere, or generate liquid or solid waste that harms the envirofgherte

use of SETs providemdditionalenvironmental benefits, includiigi 10]:

1 Reduction of the emissions of greenhouse gases, (8Q) and prevention of
toxic gas emissions (SQOparticulates)
Reclamatiorof degradedand
Reduction othe required transmission lines of the electricity grids

Improvement of the quality of water resources



1.3  Solar Cell Technology

The use of solar cell technology to generate electricity has become popular since it
providespollution-free, selfcontainedstable, silent, longerm, maintenancéee,
and yearound continuous and unlimited operation at moderate gokfsVarious
technologies have beemployed to solve energy issues asdu@reliance o fossil
fuels. One of these technologies is photovoltaic (PV) madaeharness solar
energy.A solar cell is an electrical device that ugbs photovoltaic effect, a
chemical and a physicahenomenon, for convertirgunlightinto electricity[12].
Photovoltaics can be manufactured viarious ways and with a wide range of
materials, regardless of their differencal havethe same goalto collect solar
energy and aovert it into electricity [13]. Silicon has become theéominant
technology for produng electricity from sunlight, accounting for more th@6% of
the PV markedue to its high efficiencies (as shown in Figurg12)]. Although
silicon is one of thenostabundant elemesitn nature, its found assilica orsilicon
dioxide (SiOy), not its elemental form. Therefore, several purificatiand refining
processes are necessaryptoduce silicon from silica. Asidedm its abundance,

silicon is nontoxic, norcorrosive material.

Moreover, at the contact between the silicon and the atmosphere, it forms a very thin,
stable, and tightly adherent protective layer of Sith,16] This electrically
insulating oxide, Wich forms naturally, foctions as a passivating layer, reducing
the recombination centers at the surface and boosting the silicon solar cell
performancgl7]. The oxide layer alsminimizes the dangeof a silicon wafer inside

a solamodule degradingAs a result, the technology's letegrm stability has helped
silicon-based solar cells tgain importance in the PV markén. April 2020, Geisz

and Francet al reported asix-junction 1lI-V solarcel with aPCE 0f47.1% in an

issue ofNatureEnergy[18] which holds the world record for highest efficiency
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Figure2. NREL's efficiency chart, 202[19].

On the other handsilicon hasa substantially low bandgapnd low absorption
coefficient a thicker piece of the material is required to absorb solar radiation over
the band gap energy. This necessitagcon wafer thicker than 100 mproviding

the inapplicability of silicon solar cell®r thin-film technology[16]. Therefore
silicon-basedphotovoltaics hae a higher cost structutban alternative renewable
energytechnologiesOrganic solar cell§OSC)become a possible option fidre
photovolaic industry due to the& ability for chemical modification, low

manufacturing costs, and potential for laggale productiofi20].

1.4  Organic Solar Cells

Although silicorbasednorganicphotovoltaicsdominatethe energy industrytheir
applicationprocedures areostly. On the other hand rganic semiconductors, such
as OSCshave entered the picture with thevantage®f low cost, lightweight,
flexibility, semitransparency, and ease of manufacasran alternative to inorganic
solar cells[21i 26]. Organic photovoltaicsare electronic devices that generate

electricity fromsunlight andcarborbasedorganicsemiconducting materialg7].



Conducting polymers are utilized as active mategaisethey can absorb sunlight,
generag and tranger charge carriersvith the delocalized” electron system in the

polymer chair{28].

1.4.1 Bulk Heterojunction OSCs

In recent decades, bulk heterojunction (BHJ) organic solar cells (OSCs) have become
a preferred alternative for the generatiomesfewable and clean energy due to their

appealing qualities of lightweight, flexibility, larggeale productiofil1,29,30]

PEDOT PSS
ITO

ANODE (Front transparent electrode)

Figure3. a) Device architecture of bulk heterojunction OSC. b) Working
mechanism of BHJ OSC.

Asshown in Figure, the BHJ OSC is a thin film device made up of deamcreptor
material sandwiched between anode and cathGdejugatedpolymers (CPs)
oligomers, and conjugated pigmeatse commonly utilized as a donor, with fullerene
derivativesare usd asanacceptor material. In gener@Psmaterials arelassified

as organic semiconductarand they have the ability to transport charges

outstandingpptical characteristic§31].



With the inventiorof theBHJ device architecturéheexciton diffusion problem has
been solvedand efficient charge transfergiaeen achieved.he use otheblended
form of donor and acceptor matesaicressesthe interfacial area between the donor
andacceptownits It improvesthe charge separation efficiency, thogproving the
efficiency of the OSCE32].

1.5  Working Principle of OSCs

The four basic processes in the operation of organic solar cells can be summarized
as follows[11] (asshown in Figure 3b and Figure: 4)

1 Absorption of light andormation of an exciton (Coulombicallybounded
e/h* pairs).

1 Diffusion of theexciton to theD-A interface.

1 Separation of the charges at ix\ interface.

1 Collection of the chargas thecorrespondinglectrodes
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Figure4. Working principle ofbulk heterojunction OSC



15.1 Absorption of Light and Formation of Excitons

In BHJ OSCs,the incoming sunlight is absorbed by the photoactive lgyer
conjugated polymere.g., donor material of the BHJ photoactive lajg83]. The
exciton is the fundamentalphotogeerated statedhat originaes from the light
absorption by organic semiconductor materiklsonsists of an electronjan the
lowest unoccupied molecular orbital (LUMO), and a holé) (im the highest
occupied molecular orbital (HOMO). Orgarsemicomluctorsdiffer from inorganic
semiconductors in that charge carriars more localizednd Coulombignteraction
between the opposite chargesstronger The molecular orbitals in organic solids
are more concentrated becausevae der Waalgonnectiorbetween molecules
considerably weaker than the bonds within the molecles result, as illustrated
in Figure 5gxcitons in organic semiconductors (Frenkel excitons) are more localized

than inorganic semiconductors (Mattannier excitons)

Figureb. a) Frenkekxcitons in organic semiconductors, b) Mdétannier excitons
in inorganic semiconductors.

The Coulombic attraction betwedhe chages called the binding energy §F is

explained bythe following equation

O —— where e: charge, @vacudm peimétiity,r i ¢ pe
and r: separation between the electron and hole.

Inorganic semiconductors have hi gher di el ectriorganicconst ar
semiconductors, resulting in smaller bimgli energy (0.025 eV) and more

separated electremand hols at roontemperature.



Consequently due to the smaller dielectriconstant and separatiomrganic
semiconductors have greater exciton binding energi€s3(0.5 e\). Besides
thermal energy, an additiondfiving force is necessary fgenerating free charges
for organic solar cells (OSCs). Therefore, an interface between the electron donor
andacceptomaterial, known as heterojunctide necessary to creasdree energy
differencethat contributes to the charge separafzlj. Organic semiconductors can
efficiently harvet sunlight with their thin photoactive layer 100 nm dueto high
absorption coefficientg35]. Due to low charge carrier mobilities and low diffusion
lengths the polymeibased photoactive layer thickness is also limifexda result of

the narrower absorption of conjugafamlymers,decreased photocurrent production
is observedHowever, narrowing the bandgap of the domaterialsmproves light
absorption, resulting in the maximum number of phabsorptionand increasing
PCEs[36,37. Thus, polymers witha narrow bandgap are required to maximize
photon harvestingd bandgap of 1.1 eV, for example, can cover 77% of the AM 1.5
solar photon fluxwhereasa bandgap of 1.9 eV can only cover 30% of the AM 1.5
photon flux[37]. As a result, a low bandgap polymer cagnificantly increase
photocurrent generatioAn electron isexcitedfrom HOMO to LUMO asthelight

is illuminated from the trangpent electrodeAn e€/h* pair (exciton) is formed with
the Epinding Of 0.1-1.4 eV. Thea, excitons diffuse into the donacceptor intdace
[38].

1.5.2 Diffusion of Excitons and Dissociationof Charges

Photogeneratiomccurs in OSCat theheterojunctionwherethe extradriving force

is generatedo overcome the Coulombic bindirgf the e and H. In LUMO, the
energy difference between the donor and acceptor materials disrupts the Coulomb
atiraction, causing dissociation of the excitdbbarge separation is promotedwo
ways:1) providing the process is @metically downhill, 2) permitting the electron

and hole to be localized onstinct moleculesgnhancinghe spatial separation and
minimizing the chance ofecombination[34].



The diffusion length of the excitons{)Lis asignificant factor for OSCsince the
charge separation happens only in the heterojunction. Morebgedimits the
volume fraction of the donor and acceptor domains that egeilgratechargeslf

the excitonsre formed at a distangeeater than t, they will be separated or decay
before reaching the B interface[39]. To obtain free charge carriers, electiurie

pairs with Coulomb bound have be separated.hey recombine or dissociate

form free charge carriefglO]. To obtain efficient chargeeparationexcitons must
dissociate effectively at the interface. The energy difference in the HOMO and
LUMO of the donor ad acceptor layers createlectrostatic forces at the interface
that leads to the generation of an electric field for the effective hueaif excitons

into electrons and holes. Free electrons are thus accepted by materials with a greater
LUMO level, while holes by materials with a lower HOMO |ey&8].

153 Transportation of Free Charge Carriers

As shown inFigure 4, the charges must be transported to the corresponding
electrodes after thdissociation of excitons into free charge carriers. In organic
semiconductors, charge carriers are typically transported via hofimgone
localized state tanother[41]. Free charge carrieformed bythe Fermi level
difference between the electrodastransportedo their respective electrodbyg an
internal electric field42]. A high work function (WF) anode and a low WF cathode,
in general, produce an internal electric field tidkentifies the opencircuit voltage
(Voc) of the cell[43]. The rander of free charge carrieiis oriented bybothcarrier
diffusion and electric field-induced drift The fundamental problem tadequate
transportation of free charge carriers to the anode and cathode is the recombination
of free charge carriers beforeachingtheir respective electrodeghe mobility of

the charge carriers in the photoactive lag#ecs both the transportation of charge
carriers and Isses which arerelated to the recombination of charge carr[dr.

The electrons and holes are bound by Coulomb potential in low mobility materials



Therefore they cannobvercome their mutual attraction and recombine before
reaching the corresponding electrdd&$. As a result, for higtefficiency devices,
the rivalry between theacrier sweeput by the internal field and the loss of
photogenerated carriers by recombination aretitieal difficulty to overcomd46].

154 Collection of the Charge Carriers

When an exciton reaches the deacceptointerface it splits into the electrehole

pairs they are thentransportd to the corresponding electrodes to generate
photocurrent. The transportation of the charges is achieved if the driving force is
strong enough to push the free electrons and holes of the electkodes.donor
acceptor junctionhe difference betweehé HOMO of thedonor and the LUMO of

the acceptor produs@ gradientTo maximize the charge extraction, the potential
barrier at the photoactive layer and electrode interface must be decreased. As a result,
the WF of the anode must match with the HOMO of the donor material, whereas the
WF of the cathode must match the LUME&tte acceptor material. The contacts are
called Ohmic contacts if the work functions match as indicg®d Themaximum

value of the opefircuit voltage (\b¢c) and the transportation of the charge carriers
are affected by the internal electric fi¢t¥,48]

1.6 Fabrication of OSCs

BHJ OSCs are frequently constructedfime main layers substrate, anode, (Poly
(3,4-ethylenedioxythiophene) polstyrene sulfonate)) (PEDOT: PS®)e active
layer,thecathode. grting witha transparent substratgass is widely useith OSCs
because of its low cost, stability, and transpareAdgitionally, for flexibility, poly
(ethylene terephthalate) (PET), poly (ether sulfonate) (PES), and polycarbanate
be used49].
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Glassis coated with @aransparent and conductive electrode material. ITO is used in
the majority of the reported devices due to its conductivity and outstanding
transparencyused as an anode lay&he WF of the ITO can be altered via surface
treatment. The use of oxidizing emicals (e.g.oxygen plasma) on the surface
increasedVF [50]. The ITO is coated with a hole transport layer (HTPoly(3,4
ethylene dioxythiophene)poly(styrene sulfonate)) (PEDRPSS)see Figureb, thin

films of doped conjugated polymer or a thin oxide layer (N)a®@e commonly used
as HTL[39]. PEDOT: PSSrovides planarizetl O surfaceg51].

PEDOT:PSS
ITO

Figure6 BHJ OSC illustration

Figure7 Chemical structure of tieREDOT: PSS

As an active layera blend ofthe donor (e.g, conjugatedpolymer) and acceptor
([6,6]-PhenytCs1-butyricacidmethylester, PCBM) @aced on the top of the HTL
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In generalthe cathode is the top electrodethe typical layout, and calcium (Ca),
barium (Ba), or aluminum (Al) arused to capture the electrons created in the
photoadtve layer.A top metal iscoatedby usingthe vacuum deposition technique.
The cathode materwhreselectecaslow WF metals to matctine acceptor's LUMO
and collect the electrons effectivgB2]. On the otler hand, selecting low WF metals
leads to stability issues since stability is reldtetthe WF. Thus, a thin layeonsists

of lithium fluoride (LiF) deposited between the metal and active laggroving
OSC performancgs2].

1.7  Parameters performance characteristicsof Solar Cell Device

Figure 8 represents #hsolar cell's currentlensityvoltage (dV) curvein the dark

and undethelight. When the contactstart to inject at forwaidg bias for voltages
larger than the ¥, there is essentially no current flow in the dark. The device
generates power undte light in the fourthquadrant The current ansgloltageare

the greatest at the maximum power poRa().

Current density
(mA/cm?)

max Voc
F 3

Voltage (V)

Pmax

'lmax —

Figure8 Typical JV curve forOSC

Pin is the power density of incident lighthe intensity of the light istandardized at
1000 W.n? andthe distribution of spectral intensity matches that of the sun on the
eart hés s uinfiderceang¢d2]. a 48 . 2
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Jnaxrepresentghe currentwhile Vmaxis the voltage ahemaximum pointThe Voc

of metatinsulatormetal type devices is generaltetermined bythe difference
between the W of two metal contacts. However, fengunction, \b¢ is selected
via thecontrastof thequastFermi levels of two charge carrietbe energy level of
n-doped semiconductor andgoped semiconductor. In OSCs;AMs linearly related
with the HOMO level of the donor {fype semiconductor) and LUMO level of the
acceptor (rtype semiconductor)¥hen there is no current flowing across a circuit,
the voltage is deed opencircuit voltage (\bc). On the other hand, when the voltage
is zero, the amount of the current flows across the circuit is called the short current
density (sc). The fill factor (FF) is themaximum power of OSCs ratitw the
multiplication of Voc andJsc.

1.7.1 Power Conversion Efficiency ofOSCs

The ratio of the maximum power generated by the solar cell to the total power applied
to the device by solar spectrum is known as power conversion efficiency (PCE). This
parameter can also be explainedresmaximum efficiency of the solar celDther
parametersaffect the performance of the solar cell. The PCE of a solar cell is
determined after the currembltage (3V) characterization of a solar cell under AM
1.5G illumination.

. Y o "O"Qw Gw
Tt —
p TTOT W (0 &
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1.7.2 Open Circuit Voltage (Voc)

As shown in Figurd, basically \b¢c is determined as the recorded voltage when no
current flows through the system. The following equation gives the information
about the determination ofoé values, approximatelfp3].
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From the equation, the difference between the HOMO of donor and the LUMO of
acceptor determines tMac [54]. Further detaitan be determined by tlidference
between the quasiermi levels of holes and electrons under illumination, assuming
barrierless connectiarto the electrodes are formed. Moreover, the recombination
rate in the device limits the 9¢ [55]. In most cases, the difference in the work
functions (WF) of electrodes determines the M@n the other hand, in the recently
evolved OSC architecturesp¥values are enhanced towards the interfacial layers
employed in device architecture, primarily by the active layer. High HOMO energy
levels shald not be used to achieamarrow band gap for conjugated polymers in

OSCs to prevent )¢ losses.

Additionally, using norfullerene acceptors can be another way to enhanrge V
values due to their exchangeable LUMO levi6,57] Aside from the energy
levels, Wbcvalues are also relative to the efficiency with which charges are collected
at corresponding electrodes. As a result, factors affecting the overall performance of
OSC, such as optimum morphology, contact quality, charge transfer thtteeigh
device via su#ible energy levels, and high shunt resistance, are related to ieghanc
Vocvalues[58,59]

1.7.3 Short Circuit Curr ent Density (Jsc)

As shown in Figure8, shortcircuit current density{Jsc) is measureds the current
density when no external voltageapplied through the systedkscis called current
density instead of short circuit current since it is the currdnevaeasured for the

area 6 the OSCThe absorption of the active layer mainly determthessc value

Therefore, both the donacceptor (BA) blend concentration and thdonor
molecule loadingnhance the absorption; these factors imptiogescvalue. On the
other handJscis also strongly dependent on both efficient charge collection on the
electrons and the quantity of generated excitbligher shunt resistance values and

lower series areequired.
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Additionally, to obtain high sk values, the properties for an ideal conjugated
polymer (CP) vith alow band gap and defefiee OSC architecture are necessary
[60]. Since asthe band gap of th€P becomes narrower, more light could be
absorbedwhichenhancsthe &c. Additionally, a few more appealing characteristics
such as high molecular weightigh charge mobility, and optimal active layer
morphology can be included to reduce these losses, all of whithnce thesd
value[61].

1.7.4 Fill Factor (FF)

Fill factor (FF) isacharacteristic that determines how much sblarc e $maxdmal
performance it cadisplay.The following relationship explains the fparameter:
00 &

0 W
FF equals 1 only if the ideal case is representetthehite region in Figures.
However,the blue box labeled as\&on the JV curve holds in the real casBoth
Jnaxand Vinaxdefine the maximum power output by the OSC. All characteristics that
affectthe &c value, excluding the absorption thie active layer, also affect the FF
value.On the other hand, diictors that affect the ¥c value, excluding the energy
difference between the HOMO of acceptor anelLUMO of thedonor, andhe WF
of electroas, also affect the FF val{E8,62]. To obtain higher FF valuespllection
of charges through the correspondeigctrodes, smalleseries resistance §Rand
large shunt resistance @3 are requiredactorsinfluenced by the morphology of
theD-A blend.Therefore, the morphology of the active layer shdmédptimized to
enhance charge separation and transport of photogenerated dbaigescasg
the FF and st values [61]. The transportation of charges benefits from a
homogeneous active layer, smaller domains, higher domain purity, and
crystallization. Additionally, the morphology of the active layer camffected by
solvent choice, additives, adjusting the deaoceptor blend ratio, and thermal

annealind63].
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1.8  Conjugated Polymersfor OSCs

Conjugated polymers are organic macromolecwidisalternating double and single
bonds in their backbone. Conjugated polymers coingioverlapping porbitals
createa d e | o cekettrorns esybtem” witloptical and electronic properties.
Delocalization of electrons is achieved across the polymekbloae with the sp
hybridized carbotbased polymer structure. As a result, polymers have the ability of
high electron polarizability and semiconducting characteristics. Therefore,
conjugated polymers are also known as conductive polyj58fsAs an example,

commonly used conjugated polymers are showrigure9.

(a) Trans-Pac (b) PPP (c) PPV (d) PPS (e) PPy
/ \
< sy (AN
Nn n @M +n N™ 7,
n H
(f) PTh (9) PEDOT (h) PAni (i) PFO
/N
Ly 4 e+ L0
v M " ’
s - R R

Figure9 Commonly used conjugated polymers

(a)TranspolyacetylendransPac,b)Poly(pphenylenePPP, (c)Poly(phenylenevinylene
-PPV,(d) Poly(pphenylenesulphide)}PPS,(e) Polypyrrol®Py,(f) Polythiophen®Th,(g)
Poly(3,4ethylenedioxthiophene)PEDOT,(h) Polyanilif@Ani and (i) PolyfluorendFO.

Conjugated polymers gained prominence ater discovery ohighly conductive
polyacetyleneMacDiarmid, Heeger, and Shirakawa wergarded Nobel Prize in
Chemistry in 200Q64]. Although conjugated polymers have lowdiarmge carrier
mobility and conductivitythan inorganic semiconductors and metals, they offer
functional and structural diversity, solution processability, lightweight, flexibility,

suitable bandga@and low cost.
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Organic photovoltaics (OPVs), organichitgemitting diodes (OLED), organic field
effect transistors (OFET), supercapacitors, batteries, and differestdfypensors
have all benefited from this family of materiaiace semiconducting characteristics
and advantages of the conjugated polymers over mainstream-fised solar cells
[65].

1.9 Molecular Engineering of Conjugated Polymers

Conjugated polymers can be categorized into three main constituting parts: (1)
conjugated backbone, (2) side chains, (3) substituastiown inFigure10.

Backbone repeating unit

Figurel0 lllustration of a typical conjugated polymer for PSC

The most significant constituent is the conjugated backhbwetermines most of
the PSCrelated physical characteristics of the CRgh as baigap, energy levels,
intermoleculay and intramolecular interactionSeveraldistinct backbone designs
have been documented thus {é6i 68]. Therefore the rational design of the

conjugated backbone (i.e., repeating units) is criticahfigrovingthe PSCs.

17



The other important part is sidechainghich provide solubility of conjugated
polymers in organic solvents, thus providing solution processalSigchains can
alsoaffectintermolecular interactions and provide optimal mixing with the PCBM
to obtain theequired morphology. Although sideaihs in the conjugated polymer
design have numerous advantages, they disruptdtaeking of polymer backbones
and chromophore density, thereby impeditige absorption of light and
transportation of chargeBurthermore, inappropriate attachment of sidains can
cause steric hindrance and twisting oflaekbone, resulting ithewider band gap,
reducing charge carrienobility resulting inpoor photovoltaic characteristi¢81].
Literature studies show that the length and shape of the side sigifgcantly

affectthe photovoltaic characteristics of the [&B,70]

The last constituting part is substituents (e.g., FC8l,etc.) are frequently utilized

to fine-tune the physical properties of CPs, especially their electrical properties (e.g.,
bandgap, energy levels, mobility, etc.Because photovoltaic caphides of the
conjugated polymemare highly dependent on their electronic properties, substituents
can occasionallysignificantly impactthe PCE of related CPs. Li et ahserted
alkylthio substituents into the benzodithiophene (BDT).uHitey proved that the
insertion of alkylthio substituentsroaderdthe absorption and shifted the HOMO
energy level of the band gap Jr§]. FurthermoreHou et al. designed a thiothienyl
substituted BDT as a donor unit and proved that substituted BDT containing polymer
shows 0.15 V higher \bcthan its nonsubstituted equivaléhatimproves the PCE

[72].
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1.10 Donor i Acceptor Approach

DonorAcceptor type polymers aré -conjugated semiconducting polymers with
alternating donor “( electronrich) and acceptor’ ( electrondeficient) building
blocks distributed along the backbones of the polymer are known asgireration
semiconducting polymers.o&ording to the literature, there are two milestones in

postulathg donoracceptor type polymers.

The first postulation belongs to Wuell al.,who synthesize the first narrow band
gap polymer irthe 1980s.The study supported thtte bandgap can be moduldte

if the polymer backbone is made up of an alternating sequence of quinoid and
aromatic unitg§73]. The second postulation was proposed by Yamamoto [g¥4al.

and demonstrated by Havinga al. [75] to arrange ta bandgap of the polymer,
electron releasing (pushand electrorwithdrawing (pull) units can be combined.
Many recent research studies have confirmed that the aboypesitdatesre linked
andapplicable to thelesignof D-A type polymersin researcmg highly efficient

BHJ polymer photovoltaic devices, molecular engineering of CPs for adjusting the
energy band is an important step. PCE of a solar cell is bound with the multiplication
of three significant factorssd, Voc, and FF. \écisin direct prgortion tothe energy
difference between the HOMO of the polymer ainelLUMO of the fullerene in a
device withaBHJ structured active layer. As a result, raising the LUMO of fullerene
or lowering the HOMO of the polymer can both enhance the value.of ¥ harvest

a larger portion of the solar spectrum, polymers having low band(bB&) are
designed Still, they tend to havelow-lying LUMO energy leved and highlying
HOMO energy level$76]. This situation causessmaller difference between the
HOMO energy level of the polymer atide LUMO energy level of the fullerene,
leadingto low Vocvalues.lt is required to optimize the bamydhp and energy levels

of the polymetto obtain BHJ PSCs with higho¢ and $c valuesat the same time.
[77,78] By adjusting the molecular weight, torsion angles, aromatic resonance
energy, bondength alteration, intermolecular interactipasd substituents addition,
theHOMO-LUMO band gafgEg) can be controlled and modified.
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Due to the ease of adjusting HOMO and LUMO energy levels and solubility, the
synthesis of the CPs containing alternagfgrtron dono(D) and electron acceptor

(A) moieties has become an effective method for producing organic semiconductors
to apply in BHJ OSCsTo illustrate, placing alternating PA moieties into the
polymer backbone thdaeading internatharge transfethroughout the conjugated
chain enhances the effective resonance length of éhectrons, resulting in lower

bandgaps due to the facilitate@lectron delocalization through planarizat[@6].

Because the HOMO and LUMO energy levels are mostly confindtet® and A
units, these aergy levels can be modified by carefully designing and selecting the
D and A units thus, Eg of CP can also beontrolled [79]. For example, to
concurrently reduce the HOMO energy level &df a D-A polymer and thus raise
Voc and &c of the device, weaklglectrondonating moiety(donor unit)with a
strongly electronwithdrawing moiety(acceptor unit)is required. Compared to
amorphous polymers, CP with rigid and planaAMnits can construct crystalline
structures that enhance charge carriers' mohalitgf procures greater resistance
against the water and oxygen permeability. Recent research on polyarecesis
having crystalline polymers shedthat the crystallinity othe CPhas a substantial
effect on the PCEgrystalline polymers enable transportation of charge carriers,
increasing the FBOi 82].

1.11 Effect of "-bridges

Inserting different -bridges has several advantages. Firstly, aromabicdges are
applied to extend the absorption across a sufficiently broad wavelength range.
Secondly, the use of conjugatedridges can result in a loweg Ealue and broad
absorption across the entire visible and Aefrared region of the solar spaatn.
Thirdly, the introdudion of *~ bridges into the polymer backbone increases the
conjugation length that influences both the optical and electronical characteristics of
the DA type LBG polymer.Fourthly,inserting” -bridges increases the crystallinity

and Ecwhile decreasing the steric hindranj8a].
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Finally, theability to select alternative aromatic derivatives dbridges is the most

effective way to reduce reorganization energy lej&1$. Wang. et al., focusing on

thedif er emrti dges and pr obvidgebsighificantly ingpacthd er e nt
polymer backbone's electronic struegtur and t he i nteraction of
bridges affect the stereo structuaed, as a result, the-B conjugated polymer's

optical, eletrochemical, charge transport, and photovoltaic characteri86¢36].

It is critical to comprehend theffectsof the bridges on the physicochemical and
photovoltaic propertie®f the conjugated polymers to construct effecti&CB.
Furthermorejn addition to the film crystallinities and carrier mobiliti&am et al

evaluated the effects of the bridges on the optical, electrochemical, and photovoltaic
properties of the polymer3hey prove that using-alkylthieno[3,2b ] t hi o-phene
bridgeleads to an enhancement in the Kg, dnd PCE of thdevicebecause othe

higher absorption, improved crystallinity, and high hole mobility the 6-
alkylthieno[3,2b]thiophenencorporated polymef87].

1.12 Benzothiadiazole as Acceptor Unit

Figurell Chemicalstructure of thebenzo[c][2,1,3]thiadiazole

Pilgramet et.al were the first to synthesize brominated benzo[d[ibdiazole

(BT) in 1970 [88]. However, Meihere et.allesigned the firsalternating DA
copolymer with BT unit in 19939]. 2,1,3Benzothiadiazole (BT) is erucial part

of the chemistry of photoluminescent compounds that can be exploited in light
technology. Attention has been focused on’Baxtended derivativesith possible
usage in thiexciting area due to their potential as constituent®bEDs OSCs

liquid crystals, dyes, photovoltaic celetgc [90,91]
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Benzothadiazole (BT) is an effective electranceptor(1) the inclusion of the imine
functionalities with low” * orbitals provde BT with a comparatively high electron
affinity (EA). The BT structure can be identified as a cqumsnoidal structure
(shorter” bonds placed irthe benzo ring,localized) instead of #&en " electron
heteroaromatic systenThis situation can boost the electronic coupling between
substituents in the™and 7" positions compared to that seen acrosssfibtituted
aromatic unit4§92]. (2) Becausehe heterocyclic system of the BT unit has a high
electronwithdrawing capability, molecules with this ring could beed as an
electroncarrier (3) BT has enhanced solubility4) Due totheir highly polarized
characteristis, BT compounds are expected to produce oeflered crystal
structures, leading to intermolecular interactions such as heteroatom contacts and

T “* interactiong90].

1.13 Benzodithiophene as Donor Unit
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Figure12 Chemical structure of theenzo[1,2b:45b 6 ] di t hi ophene

In the early 1980sthe conductivity of thebenzo[1,2b:45b 6] di t hi ophene
moiety was proved and applied to several desighthe molecules[93,94]
Moreover in 2008Hou & Yang et al. utilizedhe BDT unitin the synthesis oPV

polymers angbroved that BDT moiety is one of thecomplished compourth the
development of highly efficient materialsdue to its tunable optical and
electrachemicalproperties and intermolalar charge transfer (ICT) between the

donor and accept§®5]. BDT becomesnattractiveelectronrich donor unit owing

to its several advantages. (1) BDT has high hole mobility due to-@snjugated
structure.lts rigid and planar sticture createhighly adjustable molecular energy

levels, optical bandaps.
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(2) Two thiophenemoiety fused with benzene unit in the BDT structure makes it
planar. (3) Depenidg on the side chainghe solubility of the BDT unitcan be
adjusted(4) Planarandconjugated moleculstructure of the BDT leads &asier
-stacking and has relatively high hole mobility, making BB&sed polymers
capable of achieving outstanding photovoltaic characteristics for PSC applications
[96]. BDT-based OPV devices attained record PCEs verified by the National
Renewable Energy Laboratory (NRER)/ 99].

1.14 Review of Literature

The gnthesis of DA type polymershas piquedattentionin photovoltaics[100].
Electronrich units (donor) and electredeficient unis (acepor) are bounded with

a covalent bondand these units are repeated through the conjugated polymer chain.
The optoelectronic characteristics DfA type polymers have begun to be tuned
usingthe donoracceptor (DA) strategy This strategyuses intramolecular charge
transfer(ICT) between thelonor and acceptor units integrated under the same roof
to achievea narrower bandgap, lower oxidation potential, and improved coloration
efficiencythantraditional stratege On the other hand, insertion oforidges into

the polymer backbongrovides various advantagesincluding extending the
absaption profile, lowering the band gap (Eg), inasig the conjugation lggthand
crystallinity. Thereforecombiningtwo effective strategshas become popular, and

D- °~ bridgeA type conjugated polymersave become widely used inPV
applicatiors. Following the pioneering study of Havinga et alsesiesof D-A type
conjugated polymers containing furan, thiophene, selenophedelerivatives used
asadonor, andenzoxadiazoléBO), benzothiadiazole (BThenzotriazoles used as
acceptor were designed, synthesized, and characterized for diff&f apiplication
purposeq101]. As electron donors, conjugated polymers havirg bridgeA
arditecture are frequently utilized. The characteristics of the conjugated polymer
such agnergy levels of the HOMO and LUMO, absorption range, morphology, and
charge carrier mobilitycan be adjusted by changing the donor and acceptor moieties.
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Furthermaoe, the” bridge, as a part of the polymer backbone, has a significant impact
on the molecular structure, optoelectronic and physical characteristics of the
polymer. Consequently, selecting the appropriateridge may be an essential
technique for improvig OPV performancen the light of ths knowledge, polymers

with three different” -bridges (PTAPT2PT3) were sgthesized bycombining
severalarticles from the literature, and the effect of bridges onpti@ovoltaic,
optical andelectochemicalpropeties of polymers was investigated in this thesis

study

Tablel Photovoltaigpr o per t i es qéblymerdiethditeraburei d g e d

Polymer Polymer/PGBM Vo Jsc FF  PCE Reference
(w:w) (V)  (mA/cn?) (%)

P(BDT-F-BT) 1:2 094 650 046 281

P(BDT-T-BT) 1:1.5 0.82 945 048 3.72 [85]

P(BDT-TT-BT) 1:1.5 0.69 1134 0.63 4.93

PBDT-TBT 11 0.96 9.10 051 49

PBDT-TTBT 1:1 0.80 11.83 0.66 6.3 [102]

PBDTS 1:2 073 737 0.60 324 [103]

PBDTSe 1:2 0.65 862 054 3.05

Table2 Optical& electrochemicapr o p er t i e s polyrhersinlitdvatured g e d

EgoP HOMO LUMO EsCY Reference
Polymer (eV) (eV) (eV) (eV)
P(BDT-F-BT) 1.96 -5.44 -3.48 1.96
P(BDT-T-BT) 1.82 -5.35 -3.44 1.91 [85]
P(BDT-TT-BT) 1.78 -5.21 -3.54 1.66
PBDT-TBT 1.79 -5.27 -3.48 1.79
PBDT-TTBT 1.73 -5.09 -3.36 1.73 [102]
PBDTS 1.81 -5.32 -3.26 2.06 [103]
PBDTSe 1.71 -5.29 -3.33 1.96
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Figurel3 Molecular structureo f  tbhdged polymers in the literature
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As representedn Figure B, there has been a lot of study in the literature using
Benzothiadiazole (BT) as the acceptor unit, Benzodithiophene (BDT) with various
substituents as the donor unit, and thiogherlenophenduran,and tle thiophene

as t he [8510203]Ag dasified in chapterd.12and1.13 BDT and BT

were seleted as doneacceptor couples sindbey ensure polymers with broad
absorbance and appropriate molecular energy levels for harvesting sunlight,

separation, and transportation of charges in the polymer.

1.15 Aim of the Study

Strong electrorwithdrawing units (acceptor moiety) reduce LUMO energy levels,
giving rise to the formation of LBG polymers. Benzothiadiazole (BT) is one of the
most common and stronger acceptor parts stated in the liteBiuteas a quasi
guinoidal structure thatanadopt a quinoid system, and it also has a high electron
withdrawing property, makinig a desirablgpartof polymer synthesiAdditionally,
insertion of different -bridges into the polymer backbone extends the absorption
range, inceases the conjugatiomength and crystallinity, reduces the steric
hindrance. Therefore?,1,3Benzothiadiazole (BTpearing, D ~ bridgesA type
conjugated polymers were designed and hmgized via Stille crosscoupling
reactions for usage in OSCs. In this thesis study, #hreé bridgesA type
conjugated polymers PT1, PTéhd PT3 with2,1,3thiadiazole(BT) as the acceptor
unit andbenzo[1,2b:4,5b 6 ] di t h i o méteerdenor Urlt &dsynthesized

To demonstrate the electrolonating properties of thiophene, selenophene, and
thienothiophene, the effect of differentbridges on conjugated polymers was
examinedThe polymer characterizations were carried out usocanaentionaDSC
device architecte. The PT1 with thiophene, PT2 with selenophene, and PT3 with
thienothiophene bearing polymers were characterectrochemically, optically,
thermally, and photovoltaicallyThe gel permeation chromatography (GPC)
technology was used to estim#éte molecular weighof the polymers. The polymer

structures are shown Figure14.
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Figure14 Synthesizegbolymer structures
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CHAPTER 2

EXPERIMENTA L

2.1 Materials and Methods

All chemicals and solvents were purchased form Siédaich except glacial acetic
acid from Carlo Erba, and fuming nitric acid from Mercdkl reactions were
performed under nitrogen atmosphere unless otherwise specified. THF, toluene,
triethylamineand DMF were distilled freshly and dried over Na/benzophenone ketyl
before useAll monomer units which are named 43-bis(5-bromothiopherR-yl)-
5,6-bis (octyloxy) benzogf][1,2,5]thiadiazolg TBTBr), 4,7-bis(5-bromoselenophen
2-yl)-5,6-bis(octyloxy)benzaf][1,2,5]thiadiazole (Se(BTBr) and 4,7bis(5
bromothieno[3,2b]thiphen2-yl)-5,6-bis(octyloxy}benze[c][1,2,5]thiadiazole
(TTBTBr) were synthesized according to the previously mentioned methods
[85,104 106]. A Bruker SpectrospinrAvance DPX400 Spectrometer was used to
performH and*3C NMR analysis. The chemical shift data for each signal were
specified in uni tegamethylsilang TPMBSM) whelr &t iGv  Tth
0. Splittings were designateas s (singlet), d (doublet), t (triplet), dd (doublet of
doublet), and m (multiplgt Column chromatography was conducted with Merck
Silica Gel 60 (Particle size: 0.040.063 mm, 230400 mesh ASTM)For Gel
permeation chromatography (GPC) measurem&ttisnadzu LE20AT instrument

was used to determine number average),(&hd weight avexge (My) molecular
weights in chloroformsolvent and polystyrene was used as a universal stadard
JASCO MUV770 UV-Vis spectrophotometeras used to ondud optical studiesn

both solutios in chloroform andthe thin film of polymers All electrochemical
characterization studies were performed using a GAMRY Reference 600

potentiostat.
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2.2  Synthesis

2.2.1 Synthesis of Monomers

Figurel5 Synthetic pathway of themonomersTBTBr, SeBTBr, and TTBTBr

(a) K.COgs, 1-Bromooctane, DMF, 11%C, 72 h. (b) 65% HNE) 97% HNQ, HOACc,
DCM, RT, 48 h. (cXi) Pd/C, Hydrazine monohydride, ethanol,’@) overnight (¢
(ii) N-thionyl aniling Triethylamine, toluene, 12%C,3 h. (d) Bs, HOAc, CHCE,
RT, 72h. (e) PAG(PPh)2, dry THF, 66°C, 48 h. (f) NBS, CHG| HOAc, RT, 24 h.
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