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ABSTRACT

Wentao Li:Fundamental Understanding of a HigferformancePolymer for Organic
Photovoltaics and New Material Development by Rational Molecular Engineering
(Under the direction of Wei You)
Organic photovoltaics are a promising renewable energy technology. Development of
novel materials and device architecture for further enhancing their efficiency requires
fundamental understanding of the impact of chemical structures on photovoltaic psopert

Given that device characteristics depend on many parameters, deriving stpuopedy

relationships has been very challenging.

Among many high performance polymers for organic photovoltaics,
poly(benzodithiophenralt-dithienyl difluorobenzotriazel) (PBNnDT-FTAZ) is a very speciabne
due to itsextremely efficient conversion of photons abserved current densityAlthough its
absorption range is narrowith a band gap of ~ 2.0 eVhe power conversion efficiency $
bulk heterojunctiorsolar cellbased ophenytC61-butyric acid methyl estgiPCs1BM) breachs
7%. In this dissertation, weoncludetwo fundamental reasorie account forthe exceptional
device performance of PBNnBRTAZ by comprehensive investigation into morphology and
device physics.On one hand, the molecular weight determines the morphologlyeimon
crystalline region. A appropriatamolecular weighhelpsto achievea small domain sizeghus a
shorter exciton diffusion patiogether witharger interfacial areas e PBNnDTFTAZ:PCs1BM
bulk heterojunction, leading to improved short circuit current density. On the other hand,

fluorination introduces better backbone stackinghacrystalline region, leading to significantly



improved hole mobility, which reduces bifaoular recombination andirectly accounts for the
observed high fill factor in the OPV device. Overall, two important structupeoperty
relationshipsegarding themolecular weight anthe degree offuorinationof PBnDTFTAZ are

elucidated.

In order toextend the absorption range andutther enhance the device performande
benzotriazole based polynsewe developed a general yet versatile synthetic approach towards a
diverse set of triazole based conjugated molecules bearing various ekoteping abilities.

The structural differences of &ynthesized three new triazole acceptors have a significant
impact on the optoelectronic properties of conjugated polymers incorporating these triazoles.
Bulk heterojunction solar cells based on ondhefse new polymers feature a high open circuit

voltage of ~1 V and a notable efficiency of 8.4% with an active layer thickness around 300 nm.
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CHAPTER 1

INTRODUCTION TO ORGANIC PHOTOVOLTAICS

Sustaining and advancing humaivilization has been heavily relying on massive
consumpion of fossil fuels since the IndustrialeRolution. For instance the annual coal
consumption in the United States rapidly increased from 0.2 quadrillion British thermal unit (Btu)
in 1850 to 15.5quadrillion Btu in 1920, andoal hasremained as one dhe primary energy
sources thereaftérFossil fuelscertainly have many advantages as the energy sourceartdey
readily available frontoal mines or oil fields, easy tbe transportect low cost, and able to
produce large amount of energy upon combustiéowever, two severéssuesconcerningthe
massiveusageof fossil fuelshave emergedfter decades of combustion of coal, oil and natural
gas. First, it takes millions of years for buried organic materials to be converted into combustible
fossil fuels theefore, in a foreseeable future, fossil fuel is a nemewable energy sourck
fact, t is estimated that coalould be the only remaining fossil fuel after 204#hich could also
be completelydepletedanother70 years latet.Second, the combustion of fossil fuelsngeats
large amourd of carbon dioxide,a greenhouse gas that significantly contributesgtobal
warming, and multiple air pollutants including nitrogen oxides, sulfur oxides and particulates.
For all these reasons, a transition from these fossil feelerewable and environmentally

benign energy sources rather anustthan aroption

Amongvariousalternative energy sourcés.g., solar, wind, geothermal, hydraulisplar

energy attracts much attentibbecause it has a number wfigue advantages. Imost areasn



the Earth, the &n provides infinite energy supply through continuous light radiation in the
daytime. By directly converting sunlight into electricity, solar panels do not generate any waste
thesesolar cells do not he moving parts to convert light into electricitjpusthey are noise

free Moreover, themanufacturing cost for mainstreamla panels(e.g., Si, CdSe, and CIGS)

has been continuously faling down; combined with the installation cost, the total cost for
producing the electricity with these solar ce
Welldevelopedresidentialuse solar panels are already available from solar panel distriputers

and have been adopted by numerous homes across the globe.

Issues remain, though. Take Si solar cells for example. After years of research and
development, Si solar cells have reached Jeigh power conversiorefficiency in the lab
(~25%);® however,somesignificantdrawbacksstill hinderthewider application of Si sak cells.

First, the manufacturingrocessof a monocrystallineSi solar cell requires muamnergy input

for example,melting polycrystalline silicon at 1428C. As a resultthe Si solar celb energy
payback timej.e., the time a photovoltaic system needgyémerate the same amount of energy
that was consumed during its manufacturirgy,one of the longest anong all photovoltaic
technologie$ Second the manufactimg proces®f Si photovoltaigpanelsgenerates undesirable
wastes, including particulates, silicon waste solid, and other hazardous chemicals.aThird,
monocrystalline Si solar cell is extremely brittle.They are very sensitive to mechanical
constraints,which puts some limits on where these Si cells can be used, and also introduces

additional failure mechanism (e.g., broken cells)

To addressthesethree issueswith Si photovotaics, i.e., high energy costsubstantial
amount ofwasteduring productiorand poomechanicaflexibility, organic photovoltais (OPVs)

are beingdeveloped as an alternative to s®iar cells. The mature industrdale synthesis of



polyme's (and smalmolecules) is expectetd cut downbothmanufacturingcoss and generated
waste By taking advantage of good solubility of structurally tailored polymers, the active layer
in OPV devices can besolutionprocessedfurthermore large areafims canbe easly prepared

by casting this solution onto substiater a roltto-roll fashion effectively reducing the
fabrication cost. Paired witha soft substrateand mechanically robust electrogdebe entire
photovoltaic device incorporatirgpolymer thin fimcanbe flexible,expanding the application

of such OPV devices in new areas, for example, wearable electronics

However, compared with wedlitudied Si photovoltag OPV devices usually exhibita
much less competitive efficiency~6% at submodule level) and many fundamental questions
remain to be answered. This chapter will briefly introduce performance parameters of a
photovoltaic devicdOPV included)and the basic device structure of an organic solar CEtie
working mechanism oDPV will be next discussed together withthe electrochemical and
morphological requirements faronjugatedpolymersto be used in the OPV devicéfter a
summary of the design ruled conjugatedpolymers for OPYVY this chapter will be finished by

introducing a special conjaged polymerthat hasunique andintriguing properties.

1.1 Performance parameters of photovoltaics

The power conversion efficiency.€., PCE, or#/) of all solar cells, regardless of the
working component (i.e.Si, CdSe CIGS, or organics)is determinedby three parameters: the

open circut voltage Moc), the short circuit currentl{) and the fil factor EF).

Voc andJsc are themaxmumoutput voltage and current thatsolar cell is able tproduce

respectively However, undethe working condition, the voltage and current are closely related,



and there exists a maximum power poine@Mon current densitys.voltage curve I-V curve).
The efficiencyis defined as the ratio of the maximum power output to the solar power input
(equdion 1.1), and th&F is defined as the ratio of the maximum power output to the product of

VocandJsc (equation 1.2)i.e., the area ratio between two rectangles in Figure® 1.1.

(1.2)

J (current
density)A

>
Voltage

-

sC Fill Factor = —-

Figure 1.1 A representativel-V curve of an organic solar kevith performance parameters

(Adapted from reference 3.)

In organic solar cells, the relationship among these three pararfieie¥s. and FF) are
ratherconvoluted. Change in any one of thesusually accompanied boertain impacts othe
other two. Althoughprogressin understandinghe physicalorigins ofall three parameters and
their relationshipsas been madm the past decadéroughboth computationamodellingand
experimentabevice physics studieg, though discussion on these topicbeyond tle scope of
this dissertation. Instead, we will qualtively describe how chemical modificatio ref

conjugated polymerand morphological variationsf the active layer wouldffect the device



performance, ancttempt to introducesome independent structypeoperty relationshipof

conjugated polymers usédd OPV devices

1.2 Device structure of an organic solar cell

In a normal device architectures( inverted device architecture), an organic solar cell has

its charge generation paik., the active layer, sandwiched betwabaanode(e.g., transparent
indium tin oxide (1ITO))andthe cathode(e.g., calcium/aluminum double metal layefFigure

1.2)8 Bearing different work functions, thetwo electrodes form a builh electricalfield to

provide driving force for chargearriers generated ime active layeto the right electrodeln

most @ses, a layer gfoly(3,4ethylenedioxythiophene) poly(styrenesulfongfeEEDO T:PSS) is
applied between ITO anthe active layer to adjust the work function afhodefor better hole
transport. Recently, some optional electron transport layers (ETL) were also developed to be
applied between theathodeand the active layer, with functions similartt@at of PEDOT:PSS

layer.

Figure 1.2 Schematic illustration of a typit@rganic solar cell irconventiona architecture.
(Reprintedfrom reference With permission. Copyright 2012 American Chemical Society)



The active layer, wherthe suright is converted to electricity, directly determines the
performance of organic photovoltaics. The mosteffre active layer configuraticso far isbulk
heterojunction (BHJ)which is essentiallya physical blend of-type, electrondorating organic
semiconductors i.e, conjugated polymers, andn-type electroraccepting organic
semiconductorsj.e., fullerenes derivative8. These two components formm dnterpenetrating
network with large interfacial area betweethe polymer andthe fullerene, andbuilding
hole/electroriransporipathwaysat the same timé\ schematic illustration oBHJ, in the context
of a conventionatievice architecture is shown in Figure 1.3 Therefore,it is crucial for BHJ

active layer to adopt a favorable morphologyorderto achievea high PCE.

TCO coated PEDOT PCBM Aluminium
substrate :PSS Polymer electrode

Charge
separation

Charge

Light transport

Exciton
generation
and diffusion

S
External current flow

Figure 1.3Schematic illustration of bulk heterojunction active layer in an organic solar cell with
charge transport channel depicted. (Repriritech reference Qvith permission. Copyright 2008
Material Research Society)

1.3 Working mechanism of organic photovolt&s

With the help of the buiin field provided bythe electrodes and sufficient interfacial

areaprovided bythe BHJ, the OPV device convers sunlight into electricity via four steps:



exciton generation, charge separation, charge diffusion, and charge collection (Figure 1.4). We
will briefly describe the physical process, including possible losses, in each step, and derive
correspondingrequirements fompolymer and BHJ morphologio fadlitate different charge

transfer processes at various interfaces and length scales.

+ ﬂ.'“
H I h
photon H _— _—
I I
1. Exciton Generation 2. Charge separation
@ _______ : ’ I @ """"
E .....
I
3. Charge diffusion 4. Charge collection

Figure 1.4Working mechanism of BHJ organic solar cell: Four steps of charge transfer process.

1.3.1 Exciton generation

When the incident photopossesse an energy larger than the band gapthef light-
absorbingp-typep o | y me r the photon wildl be absorbed
occupied molecular orbital (HOMO) will be excited to higleeergy levels, leaving a hole tine
pol ymer 0 kvelHP@AMO note that thetype fullerenes also absorb light and generate
excitons, however, to a much less extent when compared with the primary light albsihoer

type polymer. For simplicity, we will only discuss the fate of exciton generatetheog-type



polymers in the following discussioBepending on the energy of incident photon, the electron
can be excited to differergtates, but most of them will finally thermalize to the lowest
unoccupied molecular orbital (LUMO) to form a Couloioddly boundelectron and hole pairr,
with the electroron theLUMO and the hole onhe HOMO. This electron/hole pair Bsually

referred to athe exciton.

Becauseexcitons areonly generated by thoseacident photonswith the wavelength
smaller tharthe absorfion onset of polymera more reeshifted absorptiomprofile of polymer
would thus utilize a wider range ofhe sunlight and could in principle generatemore excitons
for subsequensteps. Thus, a small band gspusuallydesirablefor polymersto absorb more

sunlight and tanaximize the exciton generation

However, an inevitable losmechanismexists in this exciton generation stepcied
electrons have to thermalize to the LUMé&velto form excitons.This means thathe extra
energythat is greater than the band gap of the polymaél be released ashe thermal energy.

This thermalization loss accounts for the most energy loss in a single junction solar cell.
Together with theabsorptionloss from unutilized photons thahave lesenergythan the band
gap of the polymerthis thermalization loss largely sethe ShockleyQueisser limit ofa single

junction solar cel to 33%°

1.3.2 Charge separation

The generated excitsron polymers will then ditise to thep-n junction interface i.e,
the interface betweep-type polymers anad-type fullerene derivativegusually phenylC61-
butyric acid methyl ester (ReBM), to form a charge transfer state. The LUMO offset between

the fullerene andthe polymer provides a driving force to overcome the Coulasnéttraction



within the charge transfer state, and facilit

full ereneds LUMO, l eaving the hole stildl on

State.

In this step, the excitogenerated byight absorption is converted into one free electron
on PG1BM and one free hole on polymer. Since this is the key step converting absorbed sunlight
into free charges, it is crucial for organic solar cellsofimize this step to achieve high

eficiency. Five requiremest are usually considered to promote this charge separation step.

1) Since the exciton diffusion length is believed to be around 18'maproper domain
size with an average diameter ofi2B0 nm would be favorable for the excitons to survive from
the diffusion processRecentexperimental results also indteathat a smaller domain size
effectively enhances theharge separatioefficiency (and overall efficiencyeven thoughhe
energy levels and band gap of the conjugated polymer are not?ideal

2) The polymer and P&BM must be well internxied to form sufficient interfaciareas
in orderto ensure high probability of charge separation. Ideally, the miscibility between polymer
and PG1BM should ke high enough to form enough intercareafor excitonto split but also
low enough to form pure domains for chatgensport(vide infra).

3) At the polymerPGCs1BM interface, polymer backbone should be facing the fullerene
wi t h -planeéi f aocneo ) i nisteragtangithe dullerenewith the edgeof backbone
(Ae-dge) o r polymetrchh atihne e 0 )( .fifach@hd conformationhas been
experimentallyproved tobenefit theexciton spiitting at the molecular interfate.

4) According the Marcus theory, the LUMO offset between polymer anehBNC
should be similar to the reorganization eneofjyhe electron transferToo large or too smat

driving force would raise the transition statnergy anddecrease electron transfer rate. Thus,

P



appropriate LUMO-LUMO paring betweenthe polymer andthe fullerene derivativeis
necessary to achieve high efficiencyof charge separatiort It is usually accepted that a
minimum LUMO offset of 0.3 eV is needed to ensure exciton spliftng.

5) A partial clargeseparated state otfie polymer would be helpful to promote the
excitonto fully split at the interface. Most often, a strong dipole pointing from the elecitbn
unit to the electromeficient unit of the polymebackbone helps to form a partial charge
separated state, and fluorination at the latter position is proved to be effective in increasing this
dipole momentt617 Correspondingly, the R@BM should be adjacent to the electrdeficient
unit ofthe polymer backbonesuchthat the partially separated elents can be readily accepted
by PCs1BM. On the contrary, when the electrdaficient unit is hinderedrom PGi1BM by

bulky side chains, theharge separatioeficiency would drop18

Efficiency bss in thischarge separatiorstep mainly comes fronthe geminate
recombination between s@parated electron and hole p&ire., the charge transfer state can
relax back to the ground statdNeverthelessgeminate recombinatiors still being actively
investigated Fortunately, tb loss due to geminate recombination is oftemgligible when
comparedwith the thermalization lossvide suprg and the nongeminate recombination loss
(vide infra); therefore thegeminate recombination losgll not be furtherdiscussedn following

chapters

1.3.3 Chargetransport

Under the builtin field, separad electrons and holesan transportfrom the
polymerPGCs1BM interface tothe cathodeand anode respectively.Naturally, acomparable

transportrate (i.e., carrier mobility) between electrons and holesdissirable!®
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In mostcases, because PBM domain is more crystalline thahe polymerdomain the
electron mobility is faster than the hole mobility. Therefohe, hole mbility typically becomes
the limiting factor The holemobility in the BHJ blendincludes threecomponents1) hole
transport alonghep ol ymer backbone; 2) hol e intheasarsepor t &
polymer domain3) hole transport between adjacent polymer domdimsrefore, to improve the
hole mobiltyr e qui r e-s ot ax & inergbackbbne, pusting crystalline domain of

polymers, and good connectivity among crystalline domains

The third major lossmechanisnmof OPV, norgeminate recombination, other than the
thermalization loss and light absorption loss, occurshaachargetransportstep. When the
charge transport is n@fficient enough to remove all separated chardesgxample, due to a
low hole mobility, free electrons and hole®uld accumulatein each domain and recombine at
the polymerCs1BM interface. A bimolecularrecombination model is usually applied to
simplify the nongeminate recombination process, in which the recombination current density is

proportional to the square of charge carrier density under steady’state

1.3.4 Charge collection

The end of the lighto-electricity processnvolves thefree electrons and holdseing
collected by the cathode and anode, respectividiys, a proper energy level maiteghbetween
polymer andthe anode,andthatbetweerthe fullerene andhe cathode, are required to minimize
the loss during thecharge collectionSimilarly to the charge separation step a -difda c e
orientation of polymer backbone to the electrode and a strguadedat the electrode interfeée
are also favorableOptimization of his step usually involves witlsurface modification to

achieve the Ohmic contasth i ¢ h i s out of t his di ssertationo:
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1.4 General design rules of polymers for organic photovoltaics

Giventhe specific working mechanism of OPa& discussed abowee canconcludethe
general design rulesf conjugategolymersto achievehighly efficientorganic solar celld?lease
note that as the understanding@PV working mechanisnhas been gradualigeepenedn the
past two decadeshe desigmationaleof polymers has also been continuously improved ther
time. Thuswe try to summarize thdesign rational®f conjugated polymers for BHJ solar cells

from a historical perspective.

1) Recognizing the limited light absorption pdly(3-hexylthiophene) (P3HTue to its
band gap of 1.9 eVhe community initially focused omesigrng new conjugated polymers to
extend the absorption range BBHT. Thiswas done by introdig the concept ofdonor
acceptoo (D-A) alternating copolymers, ieelectronrich moiety and electredeficient moiety
alternativelyboundalongthe conjugategpolymer backboneThis design strategy was to directly
addresghe first step irthe working mechanism @PV: exciton generatio™N umeroudow band

gapD-A polymes weresynthesized to absorb more incident lightsd to further improvelsc.

On the other handVoc is mainly determined by the energy difference between free
electrons and holes, whicthepends orthe difference between B M6s L UMO | evel
pol ymer 60s He®iae, thighwe would requirea deep HOMCOevelof thepolymer.
However, further lowering the HOMO level of the polymer would lead to a larger band gap,
which would diminish the light absorbing ability of thelymer. Therefore, a tradeff exists a
deep HOMO igpreferableto achieve ahigh Voc, but thedsc would be fsacrificedd due to a large
band gappn the other hand, a high HOMO would lead to a smaller band gap, benéditibgt

the Voc would inevitably become smallern 2006, Scharber et alegantly summarized this
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tradeoff, indicatng that there exists an optimal HOMO level that could strike a balance between
Jsc and Voc to maximize the efficiency adrganicsolar cel.!® Thereaftermuch effort wasmade

to synthesize polymerthat would targethe optimal HOMO and LUMO levels.

Perhapsthe most noteworthyD-A polymers that wereable to achievehigh energy
conversionefficiency numberswere the PTB series, first published bylp i n g groUmio s
200922 Soon afterbenefiting from previous establishmeritsthe chemical structurband gap
correlation of conjugated polymer® many highperforming DA polymers with desirable
energy levelsand band gaps wesynthesized from 2009 to 201feaching efficiency numbers
of 6% 7%, including three contributions fromur researclgroup2426 Most of these polymers

were designed wunder the guidance of Scharber d:

2) Quite successful a manysicsheaernbi enrgd sy rpordsemi swan g
would turn out to bdow performing even these polymer fitted intohe Sc har ber 6s mo
well. Some polymers, althougiossessingearoptimal energy leveland band gapgenerated
poor current intheir OPV device. Detailed investigation into these polymers usually revealed
similar reasons: poor hole transpoetthe because ofstwedakng of poly
Nfedogreo orientation of p ol y nibkus, inbha sekolmd stagesof t o t
polymer designthe communityfocused orthe hole transport properties of polymeise., the

charge transport stap the working mechansm of ORV i n addition to the Sc

An emphasis was put on the morphologyheacrystalline region othe BHJ activelayer,
since the crystalline domadirectly determinesiole mobility. Grazing incidence wide angle X
ray scattering (GIWAXS) was widely applied to examiitebackbone ori-éntatio
stacking strengthin this sage (roughly 2012 until now)in order to achieve high mobility

polymers, the OPV community borrowed some design rationale in another important research
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area within organic electronicerganic fieldeffect transistor (OFET)In fact, a number of
building blocks, discovered in the OFHi€ld, which were able to achieve high mobility have

been adopted into the design of conjugated polymers for OPV.

3) More recently, the OPV community started to appreciate the importance of sub
mesoscale morphology the BHJ active layer. Complimentary GIWAXS, resonant soft Xay
scattering (RSoXS) reveals the morphology in weakly crystalline region by providing the
scattering contrast aimle 10 nm scal@/ RSoXS charaerizes domain spaciranddomain purity,
in addition to thebackbone orientation at the polymPCs:BM molecular interface. These
important parameters are closely relatedh® keystep ofthe OPV working mechanism: charge
separation?831 On the other hand, timesolved spectroscopy, especially transient absorption
(TA), sheds light on the charge separation kineticsherfemtosecond (fs) scale. The faté o
generated excitons at polymeCs1BM interface can thus be tracked and compared with
hypothesizedpolymer desigrrationale For example, the effect of dipole moment on charge

separationhas been investigatedy TA.17

With a deeper understanding of the OPV operating mesimrénabled by many new
investigating tools, and the enriched structoreperty relationships, designing conjugated
polymers to achieve higher efficiencies of OPV devimesoms more complex and convoluted.

In addition to the appropriatenergy levelsband gapand a high hole mobil, t he fAi deal ¢
polymers would also require favorable BHJ morphology, including minimal domain size,
appropriate do-onadoteculpraorientation to PE&BM doeking position for

fulerene near acceptor moiety,cet
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1.5 A unique polymer: PBNnDT-FTAZ

In early 2011, our research group synthesized two structurally similar polymers for OPV

(structures showim Figure 1.9.32 Surprisingly,the fluorinated polymeintroducel an akaround
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improvement oflse, Vo, and FF. Although structurally, poly(benzodithiophenalt-dithieno

difluorobenzotriazole) (PBNDFTAZ) merely replacedtwo hydrogenatons in the repeating
unit of poly(benzodithiophenalt-dithieno benzotriazole) (PBNnDHATAZ) with two fluorine
atoms the PCE of the formewas significantly higher than that of ¢hlatter(7.1% vs. 4.4%)

approaching the wordecord high efficie ncyatthe time.

Figure 1.5 Chemical structures of PBnBHITAZ and PBnDTFTAZ, and their OPV
performance in BHJ solar cells with BB8M. (Reprintedfrom reference 32wvith permission.
Copyright 2012 American Chemical Society.)

This high efficiency, especially the high,, was unexpected, because the band gap of
PBnDT-FTAZ was much larger than the ideal valietheS ¢ h ar b e r(20sVvs b.5led/).
In fact, PBnDTFFTAZ probably posesses the largest band gap among all higfonqpeing

polymers with efficienciesbove 6%. Its absorptioangeis only up to 620 nnthusalmost half

of the visible light is not utilized at all. Thereforeghy PBNnDT-FTAZ was able to achievelagh
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currentfrom its narrow absorptiomangebe@meinteresting.In addition, the highrF (over70%)

of its OPV device was also very intriguing.

Interestingly fluorination of PBNDT-HTAZ into PBnDT-FTAZ did not significantly
change the HOMO and LUMO levelaccordingto the experimental resuft$ In fact, f we fit
the LUMO level and the band gap of these two polymers thoSc har ber 6 s mo d e
predicted efficiency of PBnD'HTAZ actually matchesvell with the experimental result (Figure
1.6). Therefore, it is thefluorine substituent thatwvould largely account for the drastic

performance improveent for PBnDT-FTAZ.

4.0

“Ideal” _
Polymer

B4 HTAZ, FTAZ
HEl Other polymers

LUMO Level Donor [ eV ]

1
3.0 2.7 2.4 2.1 1.8 15 1.2
Band Gap Donor[eV ]

Figure 1.6Contour plot of calculatedDPV efficiency as a function of band gap and LUMO level
based on Scahrber s mokBaDT-HTAZ bnd PBNDEHIAZ ara r ef er e |
labeled as yellow star while other high performing polymers are labeled as red dots.

This intriguing behavior of PBNDFTAZ (vs. PBNDTHTAZ) thus inspired us to

conduct a comprehensive i nvElAZtiisgad o olmrht @ ued.s

following Chapterswe will first unveil the fundamentalreasos for this unexpectedly high
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efficiency of PBNnDTFTAZ. During the investigation into this specific polymer, we identified
two important structurgroperty relationships otonjugated polymers, and correlated the
chemical modification t@®PV device performance via BHJ morpholodgyurthermore, bsed on

our further fundamental understanding #BnDT-FTAZ polymer and its OPV devicesve
synthesized a new series of triazole (TAFased polymers through a general and versatile
synthetic strategyPleasingly,OPV performance of one of tbenew polymers exceeds that of

PBnDT-FTAZ, and opens a gate even higher efficiencies via chemical modifications.
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CHAPTER 2

CONTRASTING N -ALKYLATION SELECTIVITIES  OF BENZOTRIAZOLE IN THF

AND DMF

2.1 Introduction

The acceptor unit of PBNBFTAZ, benzotriazole hasbeen useds a unique building
block in the design of donacceptor conjugated polymers since itst fgsch application was
reported in 20043 One notable featuref benzotriazoleis that the necessajkylation can
occur on the Nosition of the benzotriazoled., N2a | k y |l at i on) . Such a AfAce
patternnot only helpsto solubilizeresulting polymers, but also minimizes the steric hindrance
between adjacent repeat units. Therefore, a more planar conjugated backbone is usually obtained
by benzotriaole which is beneficial for charge transport (e.g., high mobility), a desirable feature
for organic photovoltaics (OP\#%3438 PBNDT-FTAZ itself is a persuading example. Thigher
mobility of PBNDT-FTAZ than that of the archetypical poly(#xyl thiophene) (P3HT) partly
accounts fof or mer 6 s h i gver&% hae thef typicailyeolntaingd 4% for P3HT based
solar cells. In addition to its use in the design and synthesis of novel materials, benzotriazole has
also been applied in synthetic chemistry. For example, Katriekyal have developed

benzotriazole into a seful synthetic auxiliary for alkoxy alkylthio-, amine and amide

alkylation, where benzotriazole serves as a weak nucleophile and a good leaving®tfroup.
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However, the yield of the desirable MNikylation is typically low in reported
synthese$24> which significantly impedes efficient utilization of this unique building block. For
example, Katritzkyet al reported a method to noticeably improve the overall yieldNof
alklyation of benzotriazole; however, the N@kylationobserved by NMRvas only to be 20%

55%, depending upon the alkyl halithedn our original reporof PBNnDT-FTAZ, the yield of N2
akylating the 5,6difluorobenzotriazole was only around 17%, severely limiting |laagEe
syntheses of this promising monomer (FTAZ) and relgelymers3? This low yield of N2
alkylation is largely due to the fact that the inherentdenerization of the benzotriazole leads to

two competing alkylations (N1 vs. N2 in Scheme 1). To promote thduN&ionalization of
benzotriazole, Reynoldst al introduced steric hindrance such as bromine or thiophene on 4/7
position of the benzotriazmland effectively improved N&electivity3’ Alternatively, Shiet al
discovered that reacting benzotriazole with an alcohol under standard Mitsunobu condition
favors the formation of the kinetic product (dBbstitution)t® Successful as they are, these new
approaches either suffer from mugtiep syntheses of specific substrates, or only show high N2
selectivity with a few sterically hindered alkyldn this chapter, we describeur own
optimization ofthe alkylation of benzotriazol®Ve discover that for this simples® reaction, the

yield can be significantly improved in polar, aprotic solvents. Furthermore, these polar solvents
favor the N2alkylation whereas ether solvents significantly promote theaMflation. We
postulate that this reverse regioselectivity ireeth likely due to the formation of ion aggregates,

similar to those found in solutions of enolates.
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2.2 Optimization of N2-alkylation yield

In a typical benzotriazole alkylationa the S2 mechanism, the triazole moiety is first
deprotonated by a be@sThe benzotriazole anion serves as the nucleophile to attack the substrate,
e.g., primary alkyl bromides (Scheme 2.1). In this scenario the selectivity and yield of the
akylation are solely determined in the second step,n@r&action. Therefore, owtudy was
focused on factors that govern the2Seaction, including solvent, temperature, leaving group
and the substrate (i.e., the akyl chain). We ud4¢eNMR spectra of the crude product after
careful workup to determine the selectivity and to estienéhe conversion of each reaction.
Selectivity and conversion were calculated according to equation 2.1 and 2.2, respectively, based
on the integration of characteristic methylene peaks corresponding to these two isomers (N1 vs.

N2) and the residual alkysromide (Figure S1).

Scheme 2.Benzotriazole alkylation isomerism and characteristic NMR peaks
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We first explored the effect of solvent and temperatoeeause theyypically exert the
most influence on the rate of theXSreactionMethanol appeared to be the most popular solvent
in existing literaturé?4 However, the rate ofi® reaction is usuallyirhited in protic solvents,
because the nucleophile is highly solvaws hydrogen bonding with protic solvent molecules.
To improve the reaction rate (and the yield), we first attempted a common polar, aprotit, solve
DMF. The isolated yield imethanols as low as literature reporteajwever, the isolated yields
in DMF are significantly improvedTable 2.1). Interestingly, both solvents (methanol and DMF)
facilitate the formation of the NBproduct with little dependence on temperature (+660% N2
selectivity in all studied cases). To summarize, a polar, aprotic solvent such as DMF greatly
improves the yield of the alkylation of benzotrizole, witiNbroduct being the dominant isomer.
Also, a lower temperature appears to afford slighttyhlr yield of the N2 product. Finally,
Table 2.1 shows that the isolated yield of the N2 isomer is very similar to the N2 selectivity
estimated byH-NMR, which indicates the conversion calculatedHYNMR is a good estimate.
Therefore, we will use the owersion and selectivity determined By-NMR in the following

discussionfor convenience without loss of meaningful comparison

Table 2.1Effect of solvent and temperature on yield and selectivity

NMR NMR isolated
Solent T(€) _ . _
conversion N2-selectivity N2-yield®
MeOH 65 118% 62% 21%
DMF 0 111% 61% 64%
DMF r.t. 112% 58% 58%
DMF 60 117% 55% 57%

@ The reactions were performed with 1 mmol benzotriazole, 1.2 mmol (20% excess) hexyl
bromide and 2.0 mmol potassium carbonate in 40 mL of solvent.

bThe average isolated yield of NBexyl benzotriazole of three identical reations (after column
separation).
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2.3 Opposite Nselectivity in THF and DMF

Table 2.2 summarizes the effect of leaving group and alkyl chain identity on the
selectivity of this alkylabn. As suggested by the previous discussion, all reactions were
conducted in DMF at room temperature. First, no appreciable conversion was observed for the
reaction witht-butyl bromide (entry 6), which supports tlssumptionthat the alkylation
proceedsvia an Si2 mechanism. In general, both length and bulkiness of alkyl chains have
minimal effects on the N2selectivity (entries 1 through 5). Nezlectivity is lower with
chloride/iodideleaving groupSentries 7 and 8). However, one exception comes fnaathyl

iodide (entry 9), where a noticeably higher -Bi&ectivity (76%)was observed

Table 2.2Effect of alkyl and leaving group on selectifity

entry Alkyl leaving group  N2-selectivity
1 hexyl bromide 69%
2 2-ethylhexyl bromide 67%
3 2-butyloctyl bromide 66%
4 n-butyl bromide 55%
5 s-butyl bromide 62%
6 t-butyl bromide N/A
7 hexyl chloride 58%
8 hexyl iodide 54%
9 methyl iodide 76%

aThe reactions were performed with 1 mmol of benzotriazole, 1.2 mmol of alkyl halide and 2.0
mmol of potassiuncarbonate in 40 mL of DMF at r.t. N/A denotes that no reaction was
observed by NMR.
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Attempting to further increase the yield and the-$é&kctivity, we then investigated
several common polar, aprotic solvents of various polarities. As shown in Tabd&nZldr N2
selctivity values around 70% were observed when solvents of similarly strong polarity as DMF
were used, such as NMP and DMAc. Though DMSO is usually considered to be a more polar
solvent than aforementioned ones, the alkylation with DMSO asatlee nt does not show much
N2-preference \(ide infra). Surprisingly, for the reaction conducted in THF, a very low N2
selectivity (22%) was observed, together with a significantly low conversion. Interestingly, other
ether solventshow similarlysuppressed N2electivity. For example, the Néelectivity for the
reaction in dimethoxyethane is only 31%. When dioxane was adopted as the sbb/dwiz
selectivity was even lower than that in THF. Additionally, no reaction was observed for ethyl

etheras the solvent, since its low polarity does not favor e Baction.

Table 2.3Solvent effect on N&electivity

entry Solvent N2-selectivity  conversion

1 DMF 57% >99%
2 NMP 71% >99%
3 DMAC 62% >99%
4 DMSO 53% >99%
5 THF 28% 43%
6 Dioxane 25% 2.2%
7 DME 31% 2.5%
8  Ethyl Ether N/A N/A

@The reactions were performed with 1.0 mmol of benzotriazle, 1.2 mmol of hexyl bromide and
2.0 mmol of KCGOs in 40 mL of solvent at r.t. N/A in selectivity denotes no product was
observed on NMR.
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2.4 lon aggregatepostulation

This opposite selectivity of benzotriazole akylation in THF vs. DMF is quite analogous
to that of enolate alkylation where two competing reaction pathways also exatyl@ion and
C-akylation?” When the enolate alkylation occurs in polar, aprotic solvents, such as
hexamethylphosphoramidéifIP A), the negative charge of enolate anion is mainly located on
the oxygen. Thus @lkylation dominates the reaction. However, when the same enolate
alkylation is coducted in THF, the oxygen anion of enolate participates in the formation of ion
aggregates, toget her with metal cations and
availablefor alkkylation, leading to €lkylation as the major reaction pathway. The structures of
these enolate ion aggregates in THF have been well studied viabsrption and >ay
diffraction by Streitwieseet al*®53 and Williard et al,>*+>" respectively. In addition, similar ion

aggregates formed by various molectii€s in other ether solvents have been repoftfed.

Herein we postulate that the syved different selectivity between Nkylation and
N2-alkylation of benzotriazole in different solvents is also subject to this ion aggregate
mechanism. We propose that in DMF and other polar, aprotic solvents, free benzotriazole anions
are generatedfi@r complete deprotonation. Statisticalgssuming equal charge densities at all
three nitrogenshe ratio of N2 anion vs. N1 anion would be 1:2 (i.e., 33% probability of2\
anion), which should lead to a 33% of2Nselectivity. However, Table 2.3 ®hs theopposite
the N2selectivity in DMF, NMP, and DMACc is typically above 65%. In fact, this preference of
N2-product over Niproduct for benzotriazole in polar, aprotic solvents is in good agreement
with an earlier study on the tautomerism of 1;2j8zole, where Albert and Taylor predicted that
the 2H tautomer is preferred by a factor of thtolt was believed that the-# tautomer would
suffer from an additional repulsion between the lone electron pairs on two adjeceittagens.
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Structurally similar to 1,2-3riazole, the benzotriazole likely prefers theH2automer as well,
which would lead to the dominance of M#ion in polar, aprotic solvents and explain the N2

selectivity around 67%.

Onthe other hand, in THF and other etbelvents, the deprotonated benzotriazole could
form ion aggregates with potassium cations and ether molecules, similar to the formation of
enolate based ion aggregates in THF. In this scenario, the formation of ion aggregates by the
dominant N2anion woud leave the Niposition of the N2anion for the akylation, whereas the
N1-anion incorporated into the ion aggregates would subject thpdsition to the alkylation.
Therefore, this very likely formation of ion aggregates would essentraihersethe N2
selecivity observed in polar, aprotic solvent
reaction rate would significantly slow down because of the low polarity of ether solvents and the
additional step of A b r e adforerfogming thex alkylaied prddacs e i o r

Thus low conversion was observed in these ether solvents.

While DMF and THF show clear regioselectivity, conducting the same reaction in
DMSO does not particularly prefer Nar N1-alkkylation. This is likely becausedtoxygen atom
in DMSO has more Sgcharacter than that in DMF and moré sparacter than that in THF. This
intermediate hybridization of oxygen in DMSO could result in only partial formation of ion
aggregates. This partial formation of ion aggregatesavoaot only explain the low selectivity in

DMSO, but would also account for the higher conversion in DMSO than that in THF.

To offer more evidence to support the proposed formation of ion aggregates in ether
solvents, we designed a simple experiment asVisll Because potassium cations can be easily
trapped by 1&rown6, adding 18crown6 into the reaction mixture would deplete these

potassium cations that are required for the formation of ion aggregates. Therefore, the amount of
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ion aggregates would drabeally decrease after adding a sufficient amount otd®8vn6. As

Table 2.4 shows, the &lectiviy from the alkylation in DMF changes little in the presence of 18
crown6, suggesting that the crown ether does not affect tid r&action. However in THF,
addition of crown ether increases the -BEectivity from 22% to 45% and improves the
conversion significantly, from 2.6% to 89% (see NMR spectra in Sl). Both observations can be
ascribed to the suppression of ion aggregate formation due to the se@uesfréree potassium

cations with 18crown6.

Table 2.4Crown ether effect on akylation N&electivity 2

Condition DMF THF
without 18crown6 68% 22%
with 18-crown6 64% 45%

@ The reaction were performed with 1.0 mmol of benzotriazole, 1.2 mmol of hexyl bromide and
2.0 mmol of KCOsin 50 mL of solvent at r.t., with or without 2.0 mmol of-tBwn6.

2.5 Optimization of N1-alkylation yield

Although NZXselectivity is preferredn THF, the conversion of this akylation is too low
to synthesize NBkyl benzotriazole in meaningful scale. To remedy the extremely low
conversion in THF, we attempted to add DMF into the dd#iSed reaction to improve the
polarity of the solvent systeriable 2.6 presents thes2lectivities and conversions in a series of
DMF/THF mixed solvents. Very encouragingly, a mere 5% DMF in THF can improve the
conversion to 62%, while still achieving the high-Bdlectivity observed in pure THF. Such a
small amouat of DMF might loosen the ion aggregates, expediting the reaction. However, further
increases in the percentage of DMF in the mixed solvent could prevent the formation of ion

aggregates completely and diminish the-$¢lectivity, as indicated by Table 2.5
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Table 2.5N2-selectivity and conversion in a series of THF/DMF mixed sol&nts

DMF (V%) N2-selectivity = Conversion

0 24% 10%
5 29% 62%
20 46% 113%
50 53% 113%
80 53% 114%
95 58% 111%
100 60% 115%

@ The reactions were performed with 1.0 mmol of benzotriazole, 1.2 mmol of hexyl bromide and
2.0 mmol of KCOsin 50mL of mixed solent at r.t.

2.6 Conclusion

In summary, we successfully improved the isolatedd of N2-akkylated benzotriazole to
64% by optimizing the reaction conditions of a simplg2 Sreaction, very close to the
theoretically predicted upper limit of 67%. Further, we observed oppositamdIN2selectivity
for the alkylation of benzotriazelin DMF and THF, which could be explained by the formation
of ion aggregates of the deprotonateti denzotriazole tautomers, potassium cations and ether
solvent molecules. This hypothesis was supported by a few experimental observations. We
believe the @closed mechanism through our expermental design will help design strategies to
optimize the desirable isomers in other compunds of similar tautomerism. Finally, the much
improved yield of the desirable N&Zkylated benzotriazole will significantly increa the
accessibility of this unique building block for contructing novel materials for various

applications.
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CHAPTER 3

CONTROLLING MOLECULAR WEIGHT OF PBNDT -FTAZ AND UNDERSTANDING

ITS SIGNIFICANT IMPACT ON PHOTOVOLTAIC PROPERTIES

3.1 Introduction

Since its inceptioA? PBNDT-FTAZ has received significant attentf§rbecause it is an
intriguing material with many outstanding features that need to be further explained. For
example, with amedium band gap of 2.0 V, PBnEHTAZ can still generate over 7% power
conversion efficiency with a noticeably high fill factor of over 70% in BHJ cells with a relatively
thick film (2007 300 nm)32 Furthermore, the high performance of PBABTAZ based BHJ
cells are not very sensitive to the morphology of the active Hydowever, diring our own
reproduction of PBNDFTAZ (Scheme 3.132 we discovered that the molecular weight has a

significant impact on the device performance.

Indeed, ér any conjugated polymer for OPV devices, having an appropriate band gap
and finetuned energy levels throughofecular engineering of the conjugated backbone is only
the first step towards the desired high PEEE° Even for conjugated polymers of an identical
structure (e.g., conjugated backbone, side chain and substituents), the one having a high
molecular weight usually outperforms the one of a low molecular weight wked in OPV
devices, primarily through a significant increase inXaeSuch an effect of molecular weight on

the OPV performance was first observed in the archetypical P3H1BRIby Brabec et all®"?
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and Heeger et &t Later, similar effects were also d@&vered for low band gap polymers by the

Bazan groug? “ and our groug? among otherd:’® As we wil show in this chapterall these

interesting properties exhibited by PBNBFTAZ can only be obtained with polymedsf a

proper molecular weightA careful study of a set of PBNDRTAZ with precisely controlled

molecular weight (from 1Gkg/mol to 60 kg/mol, calculatedMn) reveals that the molecular

weight significantly influences the morphology and structural order of PBRDAZ in its BHJ

blend, all of which can be correlated with the device performance. Achieving such a deep

understanding can undoteldly facilitate the future design of high efficiency polymers for BHJ

solar cells. This study details this systematic study, including the method we employed to

precisely control the molecular weight of PBRIBTAZ.

C4Hg

CgH C4H
6113 419 C6H13

N
N\ /N
s Pda(dba)s CHCla, P(o-tol)
Me3Sn 4 Y SnMej; + ‘ b 4 ‘
S B~ S S7 gy o-xylene
FF

C4Hg™ "CeHyg

Scheme 3.1Polymerization scheme of PBNnEHTAZ.

3.2 Stoichiometry in polymerization

PBnDT-FTAZ
C4Hg™ "CeHyg

To construct a set of PBnBATAZ with precisely controlled molecular weight, we

decided to apply the classic Carothers equation (equatiofY 3ifi¢e the sptheses of doner

acceptor copolymers via palladium catalyzed polycondensation $tiltg,or Suzuki) fall into

the category of classic step growth polymerization of AA/BB type monofMdtrss interesting
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to note that the majority othese studies on the impact of molecular weight relied on
fractionation of as synthesized polymérsr purity of the monome?s to obtain polymers of
different molecular wight. These two methods are frequently adopted because it is very difficult
to obtain polymers of high molecular weight via palladium (Pd) catalyzed polycondensation for

any new conjugated polymers, let alone the accurate control of the molecular weight.

- 1+7r

n=m,(o<r£l,p£l) (3.1)
_ 1+7r
Xo=7—,0<r <p=1) (3-2)

To use the Carothers equation to control the molecular weight in a predicative manner,
one of the easiest approaches is to vary the stoichiometric ratio of two monoineesation
3.1) while assuminghe extent of reactionp) is unity or close to unity/ Under such an
assumption, equation 3.1 is simplified into equation 3.2. However, to effectively use equation 3.2
in the case of the Stille coupling based polycondensation, oned wave to optimize the
reaction condition to promote the reaction to completpn ), in addition to having ultraure
monomers (So as to precisely tune the stoichiometric ratimdeed, we spent significant efforts
in optimizing the polymerizatioas shown in Scheme 3.1. The key findings are summarized as
follows. First, the purity of the monomers is crucial. Fortunately, both monomers in Scheme 3.1
are solid, which allowed us to purify them via multiple recrystallizations. Second, the purity of
Pd catalysts needs to be ensured. In our case, the commercially available cata(gdta)>d
must be further purified via recrystallization into2Rtba)cHCI 3 to remove the redundant Pd
nanoparticles, as reported by Ananikov etaThese catalytically inactive Pd nanoparticles,

often present in the commercially available Pd catalysts, not only significantly reduce the
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desirable loading ratio of the catalyst, but also can have negative impact on the coupling
reaction/polycondensan. Finally, we discovered that the use of a microwave reactor was a
powerful tool to drive the reaction to completion in a very short period of time (10 to 30 min).
All these findings are very general, and should be applicable to other similar Stijéngo

based polymerization as well.

With carefully purified catalyst and monomers, we were able to vary the stoichiometric
ratio of these two monomers to obtain PBABTAZ with the targeted molecular weight under
the microwave condition. Table 3.1 sumrzas the molecular weight data of our PBRBTAZ
polymers, together with the estimated band gap from theVig\absorption onset. Please note
that gel permeation chromatography (GPC), though generally accepted to estimate the molecular
weight, only providesdata relative to the standard (polystyrene in our case), and typically
overestimates the molecular weight of conjugated polymers by a factor of 1.5 or higher relative
to the true molecular weigh?8° Thus we were pleased to observe a quite linear correlation of
the actual molecular weight (measured by GPC) vs. the targeted one (calculated by equation 3.2)
(Figure 3.1), indicating our successful control of the molecular weig”tBoiD T-FTAZ based

on the Carothers equation.
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Table 3.1Controling the molecular weight of PBnEATAZ via tuning stoichiometric ratio

Stoichiometric | 2rgeted MpP MuP Dispersity  Absorption Band

Polymer Ratio MW gmo)  (kgmo)  ( )  onset(nm) 93P
(kg/mo) ' (ev)d

10k 1:1.100 10 18.3 34.4 1.89 609 2.04
20k 1:1.050 20 36.5 76.6 2.10 612 2.03
40k 1:1.025 40 55.2 119 2.15 614 2.02
60k 1:1.000 60 71.4 156 2.19 615 2.02
125/2)(”( 36.3F 115 3.1 614 2.02

®A10ko is denoted for the polymekg/mayi tfh2 Otkhoe ftoar
the polymer with the targeted molecular weight okgfmnol etc.

b Determined by GPC in 1,2#ichlorobenzene at 150 €

¢ Calculated according to GPC values.

iMeasured from filmaxabsorption spectra at @&
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slope=1.30
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Figure 3.1 Correlation of actual Mn measured by GPC and calculated Mn by the Carothers
Equation. The neao-unity correlation coefficientidicates good reliability of molecular weight
control by stoichiometry. The slope of 1.30 reflects the fact that GPC usually overestimates the
molecular weight of conjugated polymers by a certain constant.
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3.3 Photovoltaic performance and electroche micabroperties

The photovoltaic characterization of these four polymers shows a clear impact on the
performance by the molecular weight (Figure 3.2 and Table 3.2). For fair comparison, devices
were fabricated according to an optimized condition we reportdeer§2l] (see experimenal
section for details). Indeed, the highest efficiency (over 7%) is the device based on the 40k
polymer, with aJsc of 12.9 mA/cm2, avoc of 0.79 V, and &F over 70%. In contrast, lower
molecular weight polymers (10k and 20k) ba8&tl devices offer much lower efficiency values,
primarily because of the reducédg andFF (Table 3.2). Further increasing the molecular weight
beyond 40kg/mol, for example, in the case of the 60k polymer, leads to a noticeably lower
solubility in the pocessing solvent (trichlorobenzene). Nevertheless, the BHJ device based on
the 60k polymer still shows an efficiency of 6.4%, a value slightly lower than that obtained from
the device based on the 40k polymer (7.3%). To further understand the impacteotlaro
weight on the device performance, we mixed 10k and 60k polymers by 1:2 weight ratio to
Arecreateo t he Mg\ closetd thatnaf the asyrithe dizedadOk polymer (but
Mn close to that of the asynthesized 20k polymer). Interestingy such a fArecrea
polymer based BHJ device offers higher efficiency (6.7%) than that of the device based on either
the 10k polymer (1.4%) or the 60k polymer (6.4%). Furthermore, the incident photon to current
efficiency (IPCE) data (Figure 3.2b) si® the relative contribution of the polymer and the
fullerene constituents to the performance, which is clearly molecular weight dependent. For
example, the 10k polymer based device shows a flat IPCE curve though at low IPCE values,
indicating balanced canibution of the polymer and the fullerene to the On the other hand,

the largest imbalance is observed in the 60k polymer based device, which exhibits an excellent
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IPCE of 70% for the polymer (near 600 nm) but a significant suppression to near 409 for
fulerene at 400 nm.

Table 3.2 Average photovoltaic performance and hole mobility of PBAETRZ: PCGs1BM
devices with different molecular weights

Polymer: Thickness Voc Mobility
Polymer FF (%) d (%)

PCs1BM (nm) (V) (mAlcn?) (cn?/\s)
10k 12 230 0.71 3.61 55.5 1.4 1.7540.37x103
20k 12 320 0.71 11.6 60.4 5.0 3.31#.41x10°3
40k 12 315 0.79 12.9 71.9 7.3 4.1040.30x103
60k 12 330 0.77 12.7 65.6 6.4 3.03#.30x103

10k/60k
12) 0.33.0.66:2 355 0.80 124 66.6 6.7 4.05#.47x10°3
(@ * b 80 —<— 10K
W | o L0 o
S 4o AR
S 5 —e— /] d & ]
5 —v— 10K/60K .,? :,/«"«« .50 !'_,:. ;‘ -K —v— 10K/60K
2 0 /‘;v/ ‘°u\j4o Pana R
z i w °
S -5 s o,'/ wsor A
o o N 20L ol
5 104 MRS 4 *%
) 10W 10} “&
-15 } : : : : 0 L L L
00 02 04 06 08 10 400 500 600 700
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Figure 3.2 (a) Current density vs. voltage curves and (b) Incident photon to current efficiency
(IPCE) curves of PBnD'FTAZ: PG1BM devices with molecular weight ranging from 10
kg/molto 60kg/mol. All polymer: PG1BM blends were prepared in trichlorobenzene (T@8)

the processing solvent.
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So what cause(s) this interesting impact of molecular weight of PBDAZ on its BHJ

device performance? First, the difference in molecular weight has little impact on the absorption

of PBNDT-FTAZ in solution and as thin film@igure 3.3). When PBNnDFTAZ is blended with

PGs1BM in the active layer, the blend based on the 10k polymer does show a lower absorbance

in the region (500 nm to 600 nm) where PBRBTAZ absorbs the most (Figure 3.4). However,

this minor difference in thabsorbance cannot account for the significantly lodweas obtained

from the 10k polymer based BHJ devices. Second, the measured energy levels for all studied

polymers are very similar (Table 3.3), with similar band gaps as well. Therefore, a plausible

explanationi the molecular weight influencing the device properties via changing the optical

and electronic properties of these polymérs essentially ruled out. Third, the charge carrier

mobility (measured by Space Charge Limited Current method (S@loTgases by a factor of
two as the molecular weight increases fromkgimolto 40kg/mol (Table 3.2). However, this

difference on the mobility can onpartially account for the observesignificantincrease of the

Jsc rom the 10k polymer based BHJ dee e s

mobility of the 10k polymer based devices, 1.75 *XD A V Lisssufficiently high to sustain a

high Jso81
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Figure 3.3UV-visible absorption spectra of pure polymamsdichlorobenzene solution (kfand

pure polymer flm on glass substrat@ltt).
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Figure 3.4UV-visible absorption spectra of the polymerg?®M blends (i.e., the active layers)
on glass/ITO/PEDOT:PSS substrates. Note: Varied absorbance in transparent region (> 650 nm)
is due to optical interference.

Table 3.3Polymerization yields and energy leelsf PBNnDT-FTAZ polymers based on
different molecular weights

Yield HOMO LUMOP Band gap
(%) V) V) V)
10 kg/mol o 1546 1 342 2.04
20 kg/mol 56 1551 71348 2.03
40 kg/mol 60 1559 71357 2.02
60kg/mol 70 i 551 i 3.49 2.02
10/60
kg/mol

Polymer

1558 1 3.56 2.02

aMeasured by cyclic voltammetry with ferrocene/ferrocenium as the standard,;
b Calculated from optical band gap (BG) using the equaton LUMO=HOMO+BG;
¢ optical band gap calculated from the absorption onset owidJ\gpectrum;

d0nly THF portion was collected for 10k polymer (see Experimental Section).
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3.4 Morphology impact of polymer molecular weight

Further investigation of the active layer viarXy techniques offers insights on the morphology

and structure in these thidrfis. We employed grazing incidence wide anglea) scattering

(GIWAXS) to probe the crystalline regions of BHJ active layers and the neat polymer reference

thin films (Figure 3.6 in Experimental Section). In general, the data confirms that all five
PBRDTFTF TAZ polymers exhibit relatively low cry
polymer) in the neat films and the BHJ blends, similar to what we observed beftwee ver,

careful inspection of these data discloses subtle but distinct difference among all five BHJ blends.

The lamellar stacking peak for the 10k polymer based BHJ blend has the highest intensity among

all five films (Figure 3.5a), corresponding todaspacingof 18 A in the (100) direction. In
addition,i t et a(lckklin)g is weak and does not shoy
the inplane and oubf-plane directions. These data indicate that the low molecular weight
polymer (10k) has the highest lalfae ordering among all five films, and there is no preferred
orientat toonm ofro ridealageet h respect to the substr a
weight increases, the intensity of the peak corresponding to the (100) direction decreases,
implying that the film is getting even more amorphous. More importantly, higher molecular
weight based blends show noticeab’l ystha gkiemg dp ¢
for the outof-plane than for the #plane direction, implying the conjugat backbone adopts

more -gifn@cerientation as the modtproubariremweatghon
conjugated backbone lying towards the substrate/electrode, facilitates the vertical charge
transport as seen in typical BHJ devices, whigplans the noticeable increase of the hole

mobility as the molecular weight goes beyondktdmol (Table 3.2). Finally, the diffraction

pattern of the firecreatedo 40k polymer IS Ve
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indicating that the ordereckgions of these two BHJ films are qualitatively the same. It might
thus not be coincidental that the measured ho
identical to that of the pristine 40k polymer, and the efficiency of the BHJ device basbe

former polymer is close to that of the device based on the latter polymer. Nevertheless, given that
the crystallinity (and hence the degree of ordering) of the PBIRDAZ polymers is low, we

caution against strong interpretations of the preferentiahi-b a 0 eor i ent at i on. We
the diffuse halo at 1.4 ‘Adue to P@1BM aggregation is essentially identical for all devices,

indicating that a similarly aggregated phase offB® is present in all devices.

Table 3.4Relative composition vaations, domain spacing and anisotropy measured-BpRS
along with power conversion efficiency.

Relative compositon Domain spacing Anisotropy Ratio a

Polymer variations (nm) 286.2 eV (%)
10k 1.00 470 0.15
20k 0.95 110 0.18
40k 0.83 65 0.19
60k 0.78 65 0.17
10k/60k (1:2] 0.68 110 0.14
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Figure 3.5 (a) GIWAXS outof-plane and kplane 20°sector averages along with circular
averaged data of the five blend films of this study. The (100) lamellar and (Bf0¥faicking
peaks are labeled along with typical signal fronsfB8. Traces have been scalgertically for
ease of view (log-axis). (b) Lorentz corrected-BoXS scattering profiles for 284.1 eV for the
five blend films of this study. The peak scattering intensity for the 10k polymaBRCblend
on this scale is 8.5.



Complementary to GIWAXS, wabh is only sensitive to the crystalline region, resonance
soft X-ray scattering (F50XS) probes the overall compositional morphology including the
highly amorphous regions, i.e., domain size distribution, long period and relative composition
variations?? R-SoXS is particularly useful to this set of samples becaude/@lPBnDT-FTAZ
polymers show relatively low crystallinity as discussed earlier. Table 3.4 summarizes the domain
characteristics of all polymers in their BHJ blends frorsé&XS, with the scattering profiles
plotted in Figure3.5b. The profiles representdpatial frequency distribution of the composition
variations and do not exhibit a hierarchical morphology (as might have been indicated-by a bi
modal distribution) over the length scales probed. The biggest difference between devices is the
long period, vhich represents the domain spacing between regions that exhibit the largest
composition variations. The low molecular polymer @@ mol) based BHJ blend shows the
largest iaplane domain spacing (=470 nm confirmed with softa) microscopy), almost 8
times of the domain spacing from the BHJ blend based on the 40k polymer. If we assume a
volume ratio of 1:2 for the polymeich domain and the fullerergch domain based on the
weight ratio of 1:2 for polymer:P&BM in all blends, an average domain sael57 nm (470
nm A 0. 33) -icdhdomairhaan be estingatee for the 10k polymer based blend, in
stark contrast to the 22 nm for the 40k polymer based blend, which has the best BHJ device
performance. Given the fact that similar domain compasitiariations have been determined
for these two blends, the much smaller domain size in the case of the 40k polymer based BHJ
blend indicates significantly more interfacial area between the polgioterand the P&BM
domains, and consequently a shortegrage distance for excitons to travel to such interfaces.
Similarly, charge extraction from mixed regions that exhibit excellent exciton quenching ability

would be facilitated by shorter distances to the respective majority phdée.note that recent
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observations of fullerene stibility in donor polymer&-88 implies a minimum level of P&BM
dispersion withi the rather amorphous FTAZ. Such dispersed fullerenes might be essential in
splitting excitons and providing charge transport channel as shown recently in two other high
performing materials systerf%® It might thus not be necessary to achieve much smaller

domain sizes and spacings thgse observed here.

Polarization dependent-BoXS can also assess the relative orientation of the backbone of
the conjugated polymer (i.e., edga versus facen) relative to the polymer/fullerene
interface83 27 which has been shown in bilayer devices to be critical to device perforfance
has also been implicated recently in fullerdr@sed BHJs to play a significant réfeHere, the
anisotropy parameter that describes suchrarge shows the highest faos orientation of the
conjugated backbone with respect to the polymes/BR interface for the 40k polymer based
device (see Table 3.4 and Figure 3.6 in Experimental Section), i.e., the best performing device.
However, the dirences in relative faeen orientation are not very large between devices. We
thus assume that exciton dissociation and charge recombination behaviors at {polymer
rich/PG1BM interfaces are similar for all five samples. Therefore the interfacial areaamd t
distance for excitons would largely contd®d Indeed, the shorter distances and larger interface
areas of the 40k polymer based device, for example, results in a four timeslatgan in the
case of the 10k polymer based device (Table 3.B¢réffore, the compositional morphology in
highly amorphous regions of these PBABTAZ polymers, i.e., domain size distributions and
domain purty, is believed to be the leading cause for the observed molecularaexrghtence

of BHJ performance (in pdotiar Jsc).

The difference of the domain spacing and composition variations of these five samples

can also help understand why the HArecreatedo
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based BHJ cell offers a very respectable efficiency value7866This efficiency value is close

to that of the device based on the pristine 40k polymer (Table 3.2), but higher than the efficiency

of any other polymer based BHJ device in this
40k polymer based BHJdnd (~ 110 nm) is surprisingly similar to that in the 20k polymer based

blend (Table 3.5), and larger than the domain spacing (~ 65 nm) in the pristine 40k polymer
based blend. This observation seems contradictory to the previous discovery that ttiemerysta
region of t he Arecreatedo 40k pol ymer based
pristine 40k polymer based one. However, this
correlated with the fact that the calculatddo f t h et efdroe c4r OekdMwxlose torthe r  (
pristine 40k polymer) is very close to that of the 20k polymer (Table 3.1). All these results might
imply that domain spacing measured between pohninérregions is more affected by th

while theMwwo ul d have a | ar-gestaopkliognece o¢met be yst
we want to address why thkcof t he BHJ device based on the
noticeably higher than that of the 20k polymer based device, but similar in gaibattof the

40k polymer or 60k based devices. We believe this observation is related with the domain purity

in these BHJ blends, which is likely not at a compositional equilibrium. As shown in Table 3.5,

the relative domain purity (i.e., relative comgosion vari ations) of the i
based blend is noticeably less than that of the pristine 20k polymer based one. The decreased
composition variations indicates increased umexing of PGiBM within the polymetrich

phase i n tchree actaesde0 o4fO kfirpeo|l ymer based blend wh
polymer based blend. The increased dispersion @iBNC and the polymer in a mixed domain

would facilitate exciton harvesting within this mixed domain and the charge transport of the

elecron to the polymerich/PG1:BM-aggregate interface. Very similar observations that mixed
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domains can enhance performance have been made recently in several othe 8895t arg)

the higher mixing would effectively compensate for the larger domae (piroportional to the
domain spacing) in the case of HArecreads¢edo 40
of the fArecreatedod 40k pol ymer based device
(similar domain size but less dispersedsfBM), and close to that of the 40k polymer based

device (smaller domain size and less dispersed BN ) . Finally, please not
40k polymer is anixtureofthe 10k polymer and the 60k polymer, thus it is not a big surprise to

have PGiBM easily percolate into this mixture, leading to less pure domains with more
dispersed P&BM. Please note that the present expansion of the morphology paradigm to
include mixed domains and dispersed fullerene is complex and the precise role of thesé factors
subject of recent and ongoing resea¥eR. Significantly more detailed work is also required to

fully understand why the external quantum effimg (EQE) of the fullerene but not the polymer

drops with the use of the highest molecular weight polymer (e.g., 60k polymer in this study). A
complete disentanglement of this complexity is outside the scope of this chapter, but our

observations serve agylaod motivator for further study.

3.5 Discussion and conclusion

A few worth noting points emerged from this study. First, it is a viable approach to use
the Carothers equation to precisely control the molecular weight of conjugated polymers, as we
showed in the case of PBNEHTAZ. However, one has to carefully purifhet reagents (e.g.,
monomers and the catalyst) and optimize the reaction condition (e.g., microwave heating) before
adopting this methodology to the synthesis of other conjugated polymers via Pd catalyzed

coupling reactions. Second, the molecular weightoofjugated polymerdoeshave a significant
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impact on the performance of related BHJ solar cells, based on our study and results from other
studiegl 70727476, Though the fdAoptimalo molecul ar we i ¢
polymers, it appears that polymers having a molecular weldgk)t getween 3kg/moland 60
kg/molar e good candidates to demonstrate the Atr
polymer without performance being $°GAY i cant
Such an fAoptimal 6 mol ec ul &gmoMoe PBPDHFTAZ.pThird,ar s t o
the causes for such molecular weight impact on the photovoltaic performance coule teentd iff

for different conjugated polymers. Though others have shown that the crystalline regions of
polymers in these BHJ bleridg* could be the leading factor that affecte tperformance, we

show that the compositional morphology, i.e., domain spacing and domain purity, is even more
important to account for the performance of polymers having relatively low crystallinity and a

high percentage of amorphous domains as in the cAPBnDTFTAZ and some other polymers

(e.g., PTB7¥’ It appears that PBNnDFTAZ having a molecular weightV)) of 40 kg/mol

strikes a nice balance of domain spacing/size, purity and structural orientation in the crystalline
region, thereby resulting in the highest efficiency of 7.3% of its BHJ device in the studied set of
material s. Finally, theesubateddi ADkr epond ¢ mb et
40k polymer (e.g., device performance, morphology and structure in BHJ blends) implies that

the polydispersity, though largely neglected in the past, might play a role in affecting the device
performance of conjugadle pol y mer based sol ar cell s. Ther
conjugated polymers with controlled molecular weight and polydispersity should be one of the
research priorities in the futuP&® One strategy could be extending the Grignard metathesis
(GRIM) synthesis of polythiophene to other conjugated polymers. For example, recently Seferos

et al. demonstrated the cooited synthesis of electredeficient conjugated polymers via
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refining nickel based catalydt. Lastly, the observed subtle difference on the contribution of
polymer and P&BM to the EQE indicate that this materials system has not been fully optimized

in the present devices. In fact, such an interesting observation should motivate studies that seek
to understand the parameters that control and optimize the individual contributiomghio

polymer and fullerenes.

3.7 Experimental Section

Polymerization with stoichiometric control'he synthesis and purification of monomers
(dibromo FTAZ and bistrimethyltin BnDT) and the purification of catalyst(ah} were as
described in previous publications. In a microwave reaction tube equipped with a stir bar was
added 64.5 mg of dibromo FTAZ (0.1 mmol), calculated amount of bistrimethyltin BnDT (96.9
mg for the 10k polymer, 92.5 mg for 20k, 90.3 for 40k or 88r160k), 4.9 mg of R{tol)s and
2.0 mg of Pd(dba}cHCI 3. After three vacuurargon refiling cycles, 6.5 mL of anhydroas
xylene was added via syringe. The tube was then planted in a CEM Discover microwave reactor
to allow the polymerization for 10 minutes (300 W, 200 €, 100 psi, 10 minutes of heating time).
The resulted gel was then dissolved in hot chlorobenzene andpifatsdd in 120 mL of
methanol. The collected precipitation was extracted in a Soxhlet extractor by ethyl acetate,
hexane, THF and chloroform subsequently. The chloroform portion (10k polymer was all
dissolved in THF portion) was concentrated and precgutam 120 mL of methanol again to

yield a metallic purple sold. The yield of each polymer is summarized in Table S2.
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Figure 3.6 Two dimensional (2D) GIWAXS data for blend polymer fims based on (a) 10k, (b)
20k, (c) 40k, (d) 60k and (e) 10k/60k PBRIPTAZ polymers. Corresponding data of neat

polymer fims of (f) 10k, (g) 20k, (h) 40k, (i) 60k and (j) 10k/60k PBRBTAZ. Al fims were

on PEDOT:PSS Si substrates, and showed comparable features/intensities of measurements on
actual devices on glass/ITREDOT:PSS substrates. The 2D data have been corrected for the
0606mi ssing wedge 6®fplané dirdcioh.a al ong t he out

Figure 3.7(a) 2D R-SoXS scattering data for the 40k polymer based blend fim. (b)

Perpendicular and parallel sector averagek vaspect to electric field polarization for all blend

samples corresponding to the colored wedges in (a). Greater intensity is noted in all samples
perpendicular to the electric field. Circular averages of tiedata are shown in the main text in

Figure 3b. Two detector distances are used to achieve -thagg in (b) with the -D data
corresponding to filow g0 shown in (a). The sc
text is calculated by integrating the profies in (b) above and takingifibkence over the sum

of the perpendicular and parallel sectors for each blend.
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