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Abstract

Samuel Chesson Price: The Synthesis and Optimization of

Conjugated Polymers for Photovoltaic Applications

(Under the direction of Professor Wei You)

Conjugated polymer solar cells have the potentidleé a cheap, light weight, robust
source of solar power and could contribute to sjthe energy problems our future faces.
The primary limiting factor for commercializatiori these devices is the power conversion
efficiency, which is governed by the conjugatedypmr semiconductor in the active layer of
these devices. However, the current state of theaterials are not optimized, and progress
in the design of conjugated polymers must be madéhese devices to be financially viable.
Synthetic modification of the polymer p-type senmdactor is necessary to fully understand
the structure-property relationships that govemuhderlying principle performance criteria
of these polymer photovoltaic cells. By synthegiziew conjugated polymers with a variety
of chemical structures, more insight can be gainamthe factors that govern the band gap,
oxidation and reduction potential, hole mobilitypdaphase separation behavior of the
conjugated polymer is achieved. The culminatiothef knowledge allows for the synthesis

of new polymer materials which show exceptionallghhphotovoltaic efficiency of 7%.



Additionally, these polymers are able to form exmeplly thick films and still maintain
high efficiencies. The exceptional performancehaise materials grants a unique insight that

will affect polymer design strategies in the future



To David Vernon, my high school chemistry teacher.
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Chapter 1: Introduction

The rising cost of traditional, non-renewable egesgurces have placed increased public attention
on the development of renewable, cheap energy esuf@r economic and national security reasons.
Photovoltaic cells based upon polymer semicondacoe expected to be part of the solution to atére
energy needs for the future, and power conversficiencies of such devices are currently nearing t
range for commercial application.

Polymer solar cells will provide two distinct potieth advantages over current silicon based
technology. First, polymer photovoltaics are expddb be lightweight, flexible, and mechanicallyust
when compared to polycrystalline silicon cells. @adlly, polymer photovoltaics may be manufactured
using rapid roll-to-roll, solution printing technigs, rather than the slow, low yielding, thermally
inefficient processes which characterize curretdrscell manufacturing. Therefore despite modestgro
conversion efficiencies when compared to inorgaeimiconductor solar cells, drastic cost reductims
more potential applications drives the currentaese interest in polymer solar cells.

Additionally, polymer photovoltaic cells offer ttapportunity for extensive modification through
chemical synthesis. The typical film thicknessdguolymer photovoltaic cell is less than one migvhich
would require less than one gram of polymer sendootor to make a solar cell of one square meter.
Significant synthetic modification of the polymeatarial is not expected to significantly drive ine tcost
of the final device, given the small amount of mialerequired. Therefore, the chemical synthesid an
optimization of conjugated polymers for use in thgshotovoltaic applications has the potential to

dramatically affect the energy technology landscape



Preliminary Organic Photovoltaics

The first organic photovoltaic cell was developed 985 by C. W. Tang at the Eastman Kodak
Corporation using copper phthalocyanine (CuPc)atythe p-type, electron donating semiconductor,aand
perylene derivative (1) as the n-type semiconduct®his bilayer device was roughly 1% efficient,

however it was manufactured using high vacuum enagjpm methods to deposit the films used for the ce

gggiﬂ%@

CuPc

perylene derivative (1) (50 nm)

CuPc (30 nm)
ITO Coated Glass

Figure 1.1.Materials used in the first organic photovoltaédl.cThe perylene is the electron transporter,

and the phthalocyanine transports the holes téTieanode.

Small molecules such as CuPc are difficult to dé@poesing low temperature, rapid methods at
atmospheric pressure. However, soluble polymer maddereadily form homogenous thin films using
printing and other low cost solution deposition higiques. Recognizing this potential of conjugated
polymers, the research partnership of Nobel laarédan Heeger & Fred Wudl began investigating
conjugated polymers for use in photovoltaics. Fimst992, they found that a conjugated polymer, MEH
PPV, transferred an electron to the n-type semigotod buckminsterfullerene when excited by lightjain
in the same way as the CuPc-perylene tandem in'Favark? The buckminsterfullerene g was poorly
soluble in most organic solvents, and thus in otdetevelop solution processable photovoltaic c&lsdl
began investigating methods to increase the sdlplof the fullerene derivative without alteringsit
electron accepting and electron transporting ptageerin 1995, Wudl reports the synthesis of [GBgnyl-

C61-butyric acid methyl ester (RBM).® The addition of the phenyl-butyric methyl estedesichain



disrupts the aggregation of the B8M in solution, increasing its solubility withoutaktically affecting the

electrochemical behavior.

MeO n

MEH-PPvy Buckminsterfullerene PCg,BM
(Ce0)

Figure 1.2.The first organic semiconducting materials devetbfor use in polymer photovoltaic cells.

This discovery lead to the development of the fimlymer photovoltaic cells using
MEH-PPV:PG;BM composites, which were fabricated by spin castnblend of the two materials from
solution? This blend, coined a bulk-heterojunction, workpessally well because the polymer and
fullerene demix and phase segregate, forming amhiituous interpenetrating network of p-type and n-
type materials. This allows for a larger interfh@aea between the two semiconductors, increasiag t

charge separation efficiency.
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Figure 1.3.A bulk heterojunction, where charges are splihatpolymer:PgBM interface, and travel

through either the polymer (for holes) or the;fBM (for electrons) to the electrodes.



This work forms the primary basis for polymer sotails. Advances have been accomplished,
especially identifying the governing fundamentahgiples which affect the performance of these desi
However, the innovative idea of an organic soldl which can be quickly and cheaply fabricated gsin

solution processing was first explored in these feports.

Device Mechanisms and Performance in Polymer Solar Cells

The overall power conversion efficiency) (of any photovoltaic cell is determined from the

equation:

JSC\/OCI:I:

P

in

where J. is the short circuit current densitynf/cni), V.. is the open circuit voltageV), FF is the fill
factor (%), andP,, is the irradiancenfW/cni). The values of the three variables in the nuroerate
determined from a current density vs. voltage plithined while irradiating the cell with light. Thg. is a
measure of how many charges are extracted frompkimtovoltaic cell when no opposing voltage is
applied, and th&, is a measure of the voltage which must be apptiextder to prohibit all charges from

being extracted from the cell.
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Figure 1.4.Typical current density vs. voltage plot for a gmated polymer material, showing thg Vo,

and the maximum power point. Reprinted with permis$érom ref 5.



The fill factor is given by the following equation:
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where the Vjppand 45, are the current and voltage at the maximum powettn the current density vs.
voltage plot.

The device performance of polymer photovoltaic c@ltcurs in five different phases: 1) light
absorption; 2) exciton diffusion and charge sepamat3) charge transfer complex dissociation ireef

charge carriers; 4) free charge transport throbghmatrix; 5) charge collection at the electrodes.

1 LUMO 2 AR’ ©) 3 @
Light
HOMO
Polymer PC ,BM L |

Figure 1.5.Summary of the five phases involved in power gati@n in polymer photovoltaic cells.

Light absorption by either the conjugated polymerttee fullerene is the first critical energy
harvesting phase in the photovoltaic process. ,Higgit passes through a transparent anode, wisich i
typically a double layer of tin doped indium oxi@@O) coated with poly(3,4-ethylenedioxythiophene)
doped with poly(styrenesulfonate) (PEDOT:PSS). Blatfers are over 80% transmissive in the visible

region of the electromagnetic spectrum. Other parent anode materials have been investigated, and



transparent cathodes used for inverted devices atseebeen exploret!®*° However, for this particular
study and the vast majority of research on congdjaolymer solar cells, PEDOT:PSS coated ITO is the
transparent anode material employed.

The polymer material typically absorbs the majoritfy the light harvested by the polymer
photovoltaic cell. The energy of the light absorlmedst be greater than the band gay) (& the polymer,
or the energy difference between the HOMO and to®OD of the polymer. Therefore, the smaller the
band gap of the polymer, the amount of light absdrlill increase and th&. will increase as well. Band
gaps for polymer photovoltaic materials typicalgnge between 2.0-1.4 eV, which would allow for a
maximum of 18-47% of the incident photon flux fraime sun to be absorb&dThe amount of light
absorbed is also dependent on the film thickness,the absorption coefficient of the polymer. Tleick
films will allow more photons to be absorbed, esgigcin regions of the absorption spectrum whédre t
polymer absorption coefficient is low. The #BM also absorbs a non-trivial amount of light, esplly in
the region between 300-400 nm. Other fullerenevdérvies such as [6,6]-phenyl{butyric acid methyl
esters (P@BM) have been synthesized in order to increaselititd absorption from the fullerene

component, however their effect on the photovolggEdormance is modest in most caSes.
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Figure 1.6.Absorption of light greater than or equal to tlzed gap of the polymer creates a singlet
excited state. The band gap is determined fronatiserption edge of the UV-Visible absorption spautr

In the polymer absorption spectrum shown, the lg@aplof each polymer is roughly 625 nm or 1.98 eV.

UV-Visible spectrum reprinted with permission fraef. 5.

After the light has been absorbed by the activerlathe semiconductor forms an excited state

called an exciton® Due to the low dielectric constant of organic miate, these excitons are bound excited



states with finite lifetimes which require anywhémm 0.1 to 0.5 eV to dissociate the exciton icharges
on two separate molecul&s'® Excitons are dissociated at the polymer:fullerenerface, and the required
distance of the exciton from the interface in ortledissociate is estimated anywhere between 5arm f
PGs:BM excitons, to values as large as 20 nm or evenriin conjugated polymer excitohs™ If the
charges do not reach the polymer:fullerene intesfdlis reduces th&. Clearly close proximity to the
polymer:fullerene interface is critical, and bulletérojunctions currently provide the best method fo
exciton dissociation since the domain sizes ofgblymer and fullerene are usually small and in €los
contact.

Exciton splitting is an exceptionally fast procesge the exciton is close enough to the interface
to dissociate, faster than any other exciton deseghanisms. Therefore exciton splitting is higHficeent
for materials with the required 0.1-0.4 eV LUMQhrLUMOpcgy Offset, with a yield close to unifyAny
energy difference greater than 0.4 eV is wasted,tharefore minimizing the LUMO-LUMO gap to the

minimal value is highly important for highly effent polymer solar cells.

Polymer
LUMO
AE 20.1-0.4 eV I
....... "‘60 ps }
PC4,BM >
LUMO
Polymer 1 } 1 }

PC4,BM

Figure 1.7.Exciton dissociation occurs if the energy offsetvieen the LUMO of the two organic
semiconductors is greater than or equal to 0.2U.4The process is rapid, and occurs in less tBan 6

picoseconds.

After exciton dissociation, the two separated chargn the polymer and fullerene create a
coulombically bound radical ion pair, which is eall a charge transfer complex or charge transfer
exciton??! These bound charge pairs at the polymer:fulleieteeface determine thé,. of the polymer
photovoltaic cell, which is predominantly determintey the difference between the HOMO of the polymer

and the LUMO of the PGBM (AEp.).?* Additionally, the ground state interaction betwete two



components, the nature of the polymer:fullerenerfate, and the relative permittivity of the filnsa
affect theV,. of the photovoltaic celf>*** The charge transfer complex may recombine to toergl

state if it is not dissociated into free chargeiess.

o
_>
—
©
Polymer -
Polymer
PC4,BM
PC,,BM

Figure 1.8.Charge transfer complex must reversibly dissodratefree charge carriers to produce current.
Energy difference between the HOMO of the polynrat the LUMO of the fullereneAEp.4) is the

primary determining factor for they

Once the charge transfer complex has been disedciato free charge carriers, the internal
electric field applied by the electrodes of the toholtaic cell cause the charges to move towareg th
corresponding electrodes. The rate at which theaeges move for a given electric field is deterrdibg
the charge carrier mobilityf which has units of velocity multiplied by the erge of the electric field
(cnf V! s%). Fullerenes, being spherical, allow forcloud overlap in any orientation relative to other
fullerenes. Therefore even in a disordered systach as a bulk heterojunction, ther distance between
fullerenes is minimal and the electron mobility gsite rapid. A balanced charge mobility between

electrons and holes and an optimal phase segregaieghology will prevent free charge carriers from

[, 07 O i

Optimal Morphology Suboptimal Morphologies

recombining.

Figure 1.9.The optimal morphology is a phase segregated mktwdere both networks are continuous
and the domain sizes are between 40-200 nm. A sinbelpmorphology contains islands of material not

connected to the electrodes, and either too muobodittle phase segregation.



Lastly, charges must cross the interface betwedh dmtive layer and the electrodes. The work
function of the electrodes must be lower (in absolalue) than the HOMO of the polymer and the LUMO
of the PCBM. Otherwise, injection barriers from rpammic contacts will result which limit the opemauiit
voltage of the photovoltaic céfl. Therefore low work function metals evaporated ightvacuum such as
aluminum and calcium are the predominant cathodinmts used for photovoltaic cells at the research
scale. The PEDOT:PSS has a work function of roughy eV, which is sufficient to inject holes into

polymers with HOMO energy levels as low as -5.8 eV.

Polymer Design Strategy

The conjugated polymer in bulk heterojunction pkottaic cells is required to do essentially
three things; 1) Absorb light; 2) Split excitonsfi@éntly with the minimum LUMO-LUMO offset
required; 3) Transport holes to the anode. All ¢hoé these criteria are affected by the polymaicstrre,
and even small changes in structure can create &ffgcts on the properties of the material. Tlestwo

main parts to each conjugated polymer structueeatbmatic units and the aliphatic side chains.

o

.. Aliphatic Side Chain

Aromatic Unit

Figure 1.10.The two main parts of the conjugated polymer,aegiegular P3HT.

The aromatic units should be selected with plapasitow LUMO, and non-intrusive positions to
attach the aliphatic chains as the key design patenn of the material. Control of the electroniergy
levels of the conjugated polymer semiconductohésfirst and easiest design parameter to be camside
Controlling the band gap of conjugated polymergyjcally accomplished employing either the quiradid

stabilization approach or the intramolecular chargesfer (ICT) approact.
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The quinoidal stabilization approach lowers thedgap by stabilizing the quinoidal resonance
form of the conjugated polymer, typically by formistabilizing aromatic systems when the polymen is
the quinodal resonance form. This approach wasepi@d by Fred Wudl in 1984 when he reported the
synthesis of poly(isothianapthalene), which exkithia band gap of 1.0 €V By stabilizing the quinodal
structure, there is more double bond character deivthe two aromatic monomer units. This leadsto a
elevation of the energy level of the HOMO and auddihn of the LUMO, thus reducing the band gapsThi
method allows for control of the band gap, and miargortantly the LUMO of the polymer so that the
LUMO olymerLUMOpcey Offset may be minimized. In 2009, Luping Yu andwookers developed a
polymer which employed this method for controllitqe band gap, and photovoltaic cells using this

polymer obtained 6.8% efficiends.
S \ /T, S _JT,

R Eg=1.0eV

g
o

.
",
-----

Aromaticity Stabilizes Quinoidal

Structure, Lowers E g

Figure 1.11.Quinoidal resonance structure is stabilized byféihmation of a benzene ring in
poly(isothianapthalene). This raises the HOMO aeers the LUMO, thus reducing the band gap by 0.7

eV over unsubstituted polythiophene.

The second method for controlling the electrochamldJMO and the band gap is the ICT
approach (sometimes referred to as the Donor-Aoceygiproach). Pioneered by Havinga & coworkers
working for the Phillips Corporation in 1992, tldpproach uses alternating electron rich and elegowmr
heterocycles to control the HOMO and LUMO energyels?® This method also functions by stabilizing
the quinoidal resonance structure, except thatrteehanism of the stabilization is different. The MO
adopted by the polymer is roughly the HOMO of thec®on rich unit, and the electron poor unit priitya
dictates the position of the LUMO energy level. g'lg advantageous since the energy levels can be

controlled independently from one another, rathantin tandem like the quinoidal stabilization aygwh.

11



In one particularly illustrative example, Tour & workers synthesized polythiophene with alternating
diamino and dinitro groups at tfgepositions of the thiophenes, reducing the band lpa®.7 eV over
unfucntionalized polythiopher®.

H,N  NH, Hzﬁ ﬁHz

Eg=1.0eV

ON  NO, OzNe goz :
7\ s - S
S \ /T ) g S _ /T, l
03N NO,

Figure 1.12.I1CT approach. To affect only the LUMO, the eleatrach unit can be omitted from the

polymer.

The aromatic units utilized on the polymer backbsheuld also be selected so that they minimize
any steric interactions that would cause the armmatits to twist out of plane from one another. An
illustrative example of this is the difference beém poly(p-phenylene) and polythiophene. Poly(p-
phenylene) has significant steric hindrance betwdmentwo hydrogens on adjacent phenyl rings. This
prevents the phenyl rings from being coplanar, thod increases the band gap significantly. Polytéme
on the other hand presents no such steric issndscraates a coplanar polymer structure. Regiolaegu
poly(3-hexylthiophene) (rr-P3HT) is possibly the shamotable application of this principle® Head to
head couplings in regiorandom P3HT cause undesirstigric effects, which leads to backbone twisting

and red-shift in th&,,. by roughly 25 nm.

o
% o< f

Figure 1.13.Polythiophene adopts a coplanar structure, widdcsfactors prohibit this planarity in the

case of poly(p-phenylene).
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Figure 1.14.Head to head coupling in Regiorandom P3HT causdesirable backbone twisting due to

steric effects. Reprinted with permission from G:f.

As illustrated in the P3HT example, the regiochenptacement of the side chain is critical to the
properties of the resulting polymer system, and lagtgrocycle employed should provide an unobtrusive
location for side chain attachment. In additionviisting of the adjacent aromatic monomer units, gtde
chain also needs to be placed frequently enougihemolymer backbone to prevent intimate interagio
of the polymer with the P&EBM. This is explicitly shown by the poor performanof poly(2,5-bis(3-
hexadecylthiophen-2-yl)thieno[3,2-b]thiophene (pBY),Twhich has wide spacing between the side chains
on the aromatic backborigIntercalation of the PGBM in between the side chains of the polymer rezgiir
that significantly more P&BM be used to create the optimal photovoltaic panBnce. Additionally,
intercalation causes increased recombination aoevar open circuit voltage due to increased intéoac
of the polymer with the fullerene in the groundtstarherefore, the aromatic units must have places

incorporate side chains frequently along the arantetckbone.

13



Figure 1.15.PCBM intercalates into pBTTT inhibiting phase sggtion, reducing the open circuit
voltage, and promoting recombination. Intercalatetween the side chains of P3HT is inhibited sthee

space between them is significantly smaller. Repdinwith permission from ref. 35.

After correct selection and design of the aromarits comprising the conjugated backbone, the
aliphatic solubilizing chains must be selectede&hg the correct solubilizing chains is an optiation
problem between long chains which increase sotykild shorter ones which allow for more rapid hole
transport. One main method to achieve both of tiyesé¢s simultaneously is to branch the side ctinte
chain branching allows for an increased numbeadbans to be attached while keeping the distaree th
side chains protrude from the polymer backbonetsBtiortening this distance increases the hole lihobi
of the resulting polymer. In fact, since holes mamsported along the polymer chain rapidly, onfgw

side chains must be shortened in order to incréeeskole mobility of the entire film.

14
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M, =267 x 10 cm? Vi s
Figure 1.16.A) Both dithienopyrroles have 11 carbons in thptaltic chain, however the branched chain
allows other polymer chains to pack closer, siheein-plane distance of the alkyl chain is shomgr.
When 9,9-diisobutylfluorene is copolymerized wit®-@ioctylfluorene, the hole mobility of the copoler
increases by two orders of magnitude over poly@otylfluorene)®*

However, shorter chains only increase the hole litplzis long as the molecular weight of the
polymer material remains high. Decreasing the chexgth can often cause a polymer to lose solybilit
and precipitate during the polymerization, rathemt reaching high molecular weight. The shorteympelr
chains do not make homogenous films, and can fogstalline domains. And while the hole mobility in
these crystalline domains is high, the grain botiedan between each domain provide significangehol
transport barriers which cause the hole mobilityhef bulk film to be significantly lowe¥. This tendency
to form crystalline domains causes the photovolscformance to suffer as well, and therefore high

molecular weight polymer is critical to obtaininigth photovoltaic performancé?’

P3HT, M, =3.2 kg/mol P3HT, M, = 31.2 kg/mol
uy = 1. 7><10 6 cm2 V1gl M, =9.4x10% cm2 V1st

Figure 1.17.Low molecular weight P3HT (left) forms partiallyystalline films, with large grain
boundaries. These grain boundaries reduce thenmaibdity by over three orders of magnitude. Remiht

with permission from ref. 37.
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State of the Art: 2006

When this dissertation was proposed in 2006, méulyeoconcepts discussed in this introduction were
unknown or poorly understood. The polymer with tiighest reported device efficiency was P3HT at
5% No polymer with a band gap lower than 1.9 eV heldeved power conversion efficiencies over 2%.
The most successful low band gap conjugated polymetovoltaic cells were reaching efficiencies nfyo
1%, likely due to the low molecular weight of thaterials***° However, many of the performance criteria
for these bulk heterojunction photovoltaic cells@pist becoming understood. Therefore, this ptojecs
initiated at precisely the right time. Our effoft€used on designing polymer materials which would

achieve high photovoltaic efficiencies at band dapger than P3HT.
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Chapter 2: Polycyclic Aromatics with Flanking Thiop henes:
Tuning Energy Level and Band Gap of Conjugated Poly = mers for

Bulk Heterojunction Photovoltaics

Adapted with permission froMlacromolecule2009 43, 797.

By Samuel C. Price, Andrew C. Stuart, and Wei You

In PG;:BM based BHJ solar cells, the theoretical maximgn of a device is determined by
highest occupied molecular orbital (HOMO) energyeleof the conjugated polymer, and the theoretical
maximum Js; of a device is largely dependent on the band gathisfconjugated polymét. The most
successful low band gap polymer design strateggate for photovoltaic devices is the donor-acceptor
alternating copolymer (or intramolecular chargensfar copolymer) strategy, which has produced séver
polymers with photovoltaic power conversion effitiees larger than 4.096>* The HOMO level of these
donor-acceptor copolymers is determined almostusiatly by the donor monomér> In order to
decrease the HOMO level (and raise g of the resulting photovoltaic cell), donors with éaker”
electron donating ability should be applied to stimtegy. However, while “weaker” donors will inome
the V. by lowering the HOMO, they will also widen the ldagap since the interaction between the
electron rich donor and the electron poor accefgowhat lowers the band gap of these copolymers.
Additionally, polymers with HOMO levels below — 5&V exhibit higher rates of geminate charge
recombinatior?’ Thus, finding an optimal donor monomer which maxis the photovoltaic efficiency is

a complex synthetic optimization problem.

17



To systematically discover this optimal donor moeoa design strategy based upon fusing
aromatic rings of different oxidation potentialsanbithiophene was envisioned. First, bithiophenes
flanking a center aromatic ring was chosen as l&m since fused thiophenes have produced several
high mobility polymers, and the flanking thiophenesuld reduce steric hindrance and create smaller
dihedral angles with adjacent monomers. Then pgjrrbenzene, and pyridine were inserted into the
bithiophene template to create three donor monowfedecreasing electron donating ability. Thegsedh
monomers were then copolymerized with 2,1,3-benadthazole and with thiophene in order to study the
optical, electronic, photovoltaic properties ofsbgolymers, and to identify the most promising aroar

for future study.
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Figure 2.18.The library of structurally related polymers. “D3%tands for dithiophene. “Pr”, “Bn” and
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benzothiadiazole.
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Monomer and Polymer Synthesis

Two structural units, dithieno[3,82',3"d]pyrrole (DTPrf>*° and benzo[1,b:4,5bdithiophene
(DTBN),>" were synthesized according to literature procesluteong branched alkyl chains were attached
in the center pyrrole or benzene unit to ensuresttebility of resulting polymers. Both units weesadily
converted into distannylated monomers to co-polymemith dibrominated co-monomers via Stille
coupling polymerization, offering corresponding yukrs (Figure 1). The third structural unit,
dithieno[3,2b:2',3"€]pyridine (DTPn), has also been reported in trerditure’® However, in our efforts to
synthesize dithienopyridines with long solubiliziatkyl chains, we encountered a great deal ofaliffy
with the established synthetic rodfeThe literature procedure employed a brominatiigure 1A) in the
final steps of the synthesis, which offered thgeamolecules with very low yield when long alkylains
were involved (6% when R r-dodecyl)® With our particular substrates which possessewee bulky
alkyl chain at the 8 position of the DTPn, the népd bromination procedure resulted in either iasaple
mixtures, or exceptionally low yields.

The distannyl intermediate of the literature broaion procedure could also serve as a
polymerizable monomer for Stille coupling polymeitipn, however, metalation of (1) with-BuLi
according to the literature procedure resulted imixture of monostannyl and distannyl compoundscihi
could not be separated. In an attempt to optitizestannylation procedure, (1) was lithiated wHBuULi
then quenched with deuterated methanol (Figure 19B)is deuterium labeling experiment reveal that
even after 5 hours, the lithiation was not complated some starting material remained accordinghdr
(Figure 20). Attempts to optimize the metalatiorogedure usingtert-BuLi resulted in complete
deprotonation with no traces of starting mateahvever the deprotonation was not selective, riesuih
a 57:43 mixture ofa:p deprotonation. Therefore, a new synthetic roweptepare polymerizable

8-alkyldithienopyridines was required.
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Due to these deficiencies with the literature prapan, a modified synthetic scheme (Figure 19C)
that introduced a bromine in tleposition of the thiophene before condensatiorotenfthe pyridine ring
was envisioned. The bromine was introduced irfitkestep by bromination of the commercially aabie
thiophene-3-carboxylic acitf. The acid (2) was then subjected to a Curtiusraegement to produce the
Boc protected amine (3) in good yield. The Boctgecting group stabilized the easily oxidized aminegl
was readily deprotectad situ in the subsequent acid catalyzed condensation step aldehyde (4) was
chosen to ensure the good solubility of the resglipolymers. The TFA catalyzed condensation then
afforded the final monomer (5) as a solid, whichulgdoaid in preparing high molecular weight polymers
from typical condensation polymerizations whereoraus control of stoichiometry is required. This
monomer (5) was then copolymerized with 2,5-bis{&thyltin)thiophene or 2,1,3-benzothiadiazole-4,7-

bis(boronic acid pinacol ester) to offer the desipelymers, PDTPn-T and PDTPn-BT.
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Figure 2.21. Synthesis of polymers via palladium catalyzed diagpreactions. Shown on the right are

solutions of each polymer.
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The crude copolymers were washed extensively withanol, followed by the Soxhlet extraction
with methanol, and ethyl acetate successively maoxe byproducts and oligomers. Finally, the polsgne
were extracted by hexane or chloroform and re-ctdl by precipitating them into methanol, and dried
under vacuum. The molecular structures of botlymets were confirmed byH NMR spectroscopy. The
yields, molecular weights, and degree of polyméidgraof polymers are listed in Figure 2.22. Thevlo
yield of PDTPr-T can be attributed to its low sadlifp, as large quantities of solid remained in ®exhlet
extraction thimble after chloroform extraction. €rbpposite problem explains the low polymer yiald f
PDTBnN-BT, in that a large quantity of material wadlected in the hexane fraction of the polymeriaat
However, this hexane fraction consisted of low roolar weight polymer, and only the high molecular
weight chloroform fraction was used, decreasing gbi/merization yield significantly. The molecular
weights were determined by gel permeation chromafwy (GPC) in THF or 1,2,4-trichlorobenzene by
referring to polystyrene standards (Figure 22)e Tolecular weights of DTPn based polymers (PDTPn-T
and PDTPn-BT) are noticeably low, which can beilaited to their lower solubility during the

polymerization reaction.

Figure 2.22.Polymerization results for all six polymers

Yield Mp Mw Xn PDI

[%] [kg/mol] [kg/mol]

PDTPr-T 13% 12.22 50.32 245 4.1
PDTPr-BT 63% 8.0° 17.6° 145 2.20
PDTBN-T 93% 54.1° 109.6" 85.2 2.02
PDTBn-BT 8% 69.9° 150.7° 975 215
PDTPN-T 90% 4.3 10.72 89 247
PDTPN-BT 76% 1.52 2.6° 28 168

2 Determined by GPC in 1,2 4-trichlorobenzene usiotygtyrene standard at 150 °€Determined by

GPC in THF using polystyrene standards.
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Optical and Electrochemical Properties

This collection of structurally similar yet enerigelly diverse polymers allows for the interplay
between the electron donating ability of the dommnomer and the optical and electronic propertdset
studied in detail. The optical and electrochemjmalperties of these polymers are summarized inrBigu
2.26.

Interestingly, the HOMO energy level of the entienjugated polymer is dominated primarily by
the most electron rich aromatic unit in the polymegardless of what other rings it is fused tor Fo
example, nearly identical HOMO levels of — 4.89 &\ — 4.94 eV were observed in PDTPr-T and PDTPr-
BT respectively, because the most easily oxidized) in these two polymers is the pyrrole ring.
Therefore, the monomer DTPr is polymerized with (&TT) has little effect on the HOMO energy level,
and this phenomena is common with other polymetesys’® However, when the pyrrole ring is
substituted for a benzene or pyridine ring, a drastduction in the HOMO energy level is observé&ince
the newly substituted benzene or pyridine ringaslanger the most electron rich ring in the systéme,
HOMO is relatively independent of which ring is stituted for the pyrrole ring. For example, neaHg
same HOMO energy levels (- 5.55 eV vs. — 5.56 e¥)naeasured for PDTBn-BT and PDTPn-BT. This is
because the HOMO behavior is dominated by the tarking thiophene rings. The same trend is apparent
in the case of PDTBn-T and PDTPn-T, as the HOMOabigh is dominated by the copolymerized
thiophene ring and causes the HOMO position to dugghly equal for both polymers despite their

structural differences.

—— PDTPr-T
—— PDTPI-BT
——PDTBN-T
—— PDTBN-BT
PDTPn-T
—— PDTPn-BT

Potential vs.Fc/Fc * (V)

Figure 2.23.Cyclic voltammograms of all polymers.
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Despite the HOMO energy level depending greaththlenmost electron rich ring in the aromatic
system, the optical band gap involves the entitgrperic system. Even though the HOMO energy level o
the DTPn polymer series is little changed from ENEBn series, the band gaps of the DTPn series are
significantly wider than these of the DTBn seriEsr example, the band gap of PDTPn-BT (2.1 eV) is
noticeably larger than that of PDTBn-BT (1.8 eV)gdo the electron deficient pyridine, which dirsimés

the donor-acceptor interaction in the copolymet giaes the low band gap.
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Figure 2.24.(A) Solution absorption of all polymers in chlooof. (B) Film absorption spectra.
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Figure 2.25. UV-Vis spectra of PDTBn-T in boiling chlorobenzenthe same solution at room

temperature, and from a spun cast film on glass.
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Based on electrochemical and optical consideratidmse, DTBn is the most promising candidate
for use in photovoltaic devices. The low measur€@MO energy levels predict high values of ¥hg, and
the measured optical band gap remains low. Conlyetbese results exhibit the DTPn and DTPr urgss|
favorably as possible successful candidates forimngghotovoltaic devices. The band gaps of polymers
made from the DTPn donor unit are significantly &idhan the others in this study, while the HOMO
levels are almost identical to the HOMO levelshtef DTBnN series. While polymers based upon DTPr have
large theoretical maximum currents due to theirdowand gaps, the HOMO levels of this series of

polymers remains too high to yield devices withhhdficiencies.

Figure 2.26.0ptical and electrochemical data of all polymers

UV-Vis Absorption Cyclic Voltammetry
CHCI; solution Film E;’:est(v) Eéigst(v)
polymer e o o marJome B HOMOeV]  LUMO [eV]
PDTPr-T 575 659 1.9 609 663 1.9 0.09/-4.89 —2.24/-2.56
PDTPr-BT 697 837 15 727 875 1.4 0.14/-4.94 —1.73/- 3.07
PDTBN-T 537 566 2.2 543 584 21 0.55/-5.35 —2.18/-2.62

PDTBn-BT 648 688 1.8 650 694 1.8 0.75/-5.55 —1.55/-3.25

PDTPN-T 465 535 2.3 465 534 23 0.63/-5.43 —1.83/-2.97

PDTPn-BT 508 580 2.1 540 579 21 0.76/-5.56 —-1.47/-3.33

& Calculated from the intersection of the tangenthenlow energetic edge of the absorption spectsitin
the baseline.

Photovoltaic Properties

These structurally similar, yet optically and etechemically very different polymers were tested
in bulk heterojunction photovoltaic devices. StawdaBHJ device configuration was used

(ITO/PEDOT/polymer:PCBM/Ca/Al). A calibrated AM 1G5 light source (100 mW/cth 1 Sun) was
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employed to simulate the irradiation from the Siihe blending ratio of polymer vs. PCBM and the
thickness of the active layer were varied to adhithwe best device performance under semi-optimized

conditions (Figure 2.28). Representative J-V cunfethese polymers under 1 Sun condition are dygula

——PDTPrT ‘ ' '
s —— PDTPr-BT
) —a— PDTBN-T )
—v— PDTBN-BT
6 PDTPN-T .
—e— PDTPN-BT /

0.0 012 014 0:6 0:8 1.0
Voltage (V)

in Figure 2.27.

Current Density (mA/cm %)

Figure 2.27.Characteristic I-V curves of the optimized devioésll polymers based BHJ solar cells under

1 Sun condition.

Figure 2.28.Photovoltaic performance of polymers

Polymer "o aN" Théﬁfn”)eSE X/) (mAJ/SémZ) FE o) IZ/CO)E (F;zs)
POTPIT 11 50 029 189 032 018 058 117
PDTP-BT 13 100 046 40 039 072 331 78
POTBN-T 12 190 088 217 054 102 862 147
PDTBN-BT 111 155 077 302 041 094 161 80
POTPR-T 13 50 041 193 034 027 101 487
PDTPN-BT 111 45 031 075 037 009 516 80

The PDTBn series immediately exhibits superior ptioltaic properties when compared to the
rest of the polymers in this study. The theoretadictedV,, of 0.95 V and 0.75 V for PDTBn-BT and

PDTBN-T%*® respectively, are close to the experimentally mieiteed values of 0.88 V and 0.77 V. Not
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surprisingly, the lower HOMO of the polymers (eRPTBN-BT) yields relatively higheY,. values. The
moderately low band gaps in the DTBn series arficgifit to produce satisfactory short circuit cunie
Additionally, the symmetrical nature of the mononmambined with the alkyl chain branching being
located on a carbon that is not adjacent to thempeil backbone should yield polymers films with
increasedrt stacking. Thus despite a wider band gap, the higlecular weight causes the short circuit

current of the DTBn series to be very close to tiidhe DTPr series of polymers.
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Figure 2.29.1PCE spectrum of BHJ photovoltaic device of ITOIRET:PSS (45nm)/PDTBn-BT:PCBM

(1:1, w/w)/Ca (30nm)/Al (100nm) and the optical afgions for the corresponding film of the blend.

As predicted, the low/, of the polymers in the DTPr series remains thatilig factor in their
solar cell performance, with both cells recordifig values lower than 0.5 V. PDTPr-BT's especiallwlo
band gap does lead to a 32% increase idgheompared with that of PDTBn-BT, however, a sigrafitly
higher current must be obtained in order to offtetow V.. (0.46 V) and Fill Factor (0.39). While these
parameters can be improved by increases in moleadmht and further optimizing the polymer struetu
(modifying the alkyl chain length, varying the apt® other than BT, etc.), the D-A polymers based o
DTPr are intrinsically limited by their high lyingdlOMO energy levels. Therefore DTPr is not a
particularly promising candidate for constructinganpolymers as high efficiency photovoltaic materia
However, applications which require especially loand gaps (for example, infrared detectors) aleasti
possibility for this electron rich donor monomer.

The DTPn series does not behave as expected irs tefivi,.. The experimentally determined
values are significantly lower than tMg, expected given the low HOMO levels of the polymiershis

series. The poor performance of PDTPn-BT is lildihe to its low molecular weight. 1.2 kg/mol reprase
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a degree of polymerization of 2.25, and the effeftbow molecular weight on all aspects of solall ce
performance are well documente®°°® Additionally, the large branched alkyl chain adjacto the
polymer backbone in the DTPn (and DTPr) seriesddehd to polymers that do netstack strongly,
which would reduce the efficiency of charge tramsgon in the BHJ device. However, further
optimization of the polymer structure was not watea given the poor energetic and optical propexie

this series of polymers.

Figure 2.30.Mobility measurements for pure film, and polymé&BM composites

Polvmer Pure  Thickness Mobility  Polymer: Thickness Mobility
Y Polymer  (nm)  (cnfV's) PCBM  (nm) (cn?V's?h

PDTPr-T 130 1.11 x 10 1:1 75 8.17 x 18
PDTPr-BT 120 6.41 x 10 1:3 75 1.15 x 18
PDTBN-T 80 2.57 x 18 1:2 65 2.14 x 18
PDTBN-BT 105 2.75 x 10 1:1 240 3.88 x 16
PDTPN-T 60 5.98 x 16 1:3 45 3.55 x 18
PDTPN-BT 100 5.35 x 16 1:1 45 2.25 x 18

The relative low efficiencies of these polymer th&HJ devices are mainly due to their low
current, though low band gaps have been achievedrnire of these polymers (e.g. PDTPr-BT and PDTBn-
BT). In addition to a low band gap, a high hole itigh comparable to the electron mobility of PCBI,
also required to achieve a high current. The hotiility of these polymers in the BHJ blends was
calculated via the space-charge limited currentL{&0model by constructing hole-only devices with 40
nm of palladium (see experimental section for mieeails{’. For comparison, “polymer only” devices
were also fabricated to probe the mobility of polymin the absence of PCB¥The measured hole
mobilities of these polymers in the absence of PC&® generally much lower than the electron mgbilit
of PCBM (~10* cnf/V-s) (Figure 2.30), which explains the low effinides of these devices when
compared with P3HT and other high performance pelgmAdditionally, the film morphology of these
devices is not optimal. For example, AFM images$PBTBn-T based devices reveal micron sized phase
segregation (even though PDTBN-T based deviceditatlithe highest efficiency). Thus, these devices

offer a preliminary look at the potential of thepelymers, and employing additional optimization
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techniques beyond simple device thickness and ddtipolymer:PCBM could allow for an increase in

device performance.

Figure 2.31. Atomic Force Microscope (AFM) images of PDTBn-THBI@ film in a 1:2 ratio blend.
Observed micron sized phase segregation is notapfor bulk heterojunction performance (left: Haig

image; right: phase image).

A collection of 6 electrochemically and opticallynique polymers based upon three donor
monomers were investigated. All three donor monaenage structurally related, featuring same flanking
thiophenes, but incorporating different center aateunits. DTBn based polymers exhibited the most
potential in photovoltaic applications due to itederately low band gap, and low HOMO energy level.
The other polymers in this study either demonstrateggh lying HOMO energy levels (DTPr based
polymers), or unacceptably wide band gaps (DTPerdaslymers).

Two key structure/property trends have also emergbd behavior of the HOMO energy level is
dominated by the most electron rich ring in theypwr backbone. Conversely, the optical band gap is
function of the electronic properties of the entiomjugated aromatic backbone. Electron deficigmdme
diminishes the donor-acceptor interaction in thpatpmer that gives the low band gap. This expldies
0.3 eV change in the band gap between DTBn-BT am&rbBT, and the 0.3 eV change in band gap
between DTBn-T and DTPr-T.

The best donor monomer candidate in this studi@gsXTBn monomer unit. Key advantages are

the fact that it is an air stable solid, two pasis to anchor alkyl chains, and a low HOMO eneryel.
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The photovoltaic performance of DTBn polymer seitekargely inhibited by the low hole mobility dfie
two polymer candidates. Future study will focusimproving the hole mobility of these polymers irder

to improve their photovoltaic performance.

Experimental Section

General Methods:'H nuclear magnetic resonance (NMR) spectra weraimdd at 400 MHz or
300 MHz as solutions in CDEC NMR spectra were obtained at 100 MHz as solutior@DCl.
Chemical shifts are reported in parts per millippr,8), and referenced from tetramethylsilane. Coupling
constants are reported in Hertz (Hz). Spectrattsmipatterns are designated as s, singlet; dylétu,
triplet; m, multiplet; br, broad. Melting pointseauncorrected.

UV-visible absorption spectra were obtained by ar@ldzu UV-2401PC spectrophotometer.
Fluorescence spectra were recorded on a Shimad&aB3&EPC spectrofluorophotometer. For the
measurements of thin films, the polymer was spiated @ 600 RPM onto pre-cleaned glass slides from
10 mg/mL polymer solution in-dichlorobenzene, and dried slowly in a petri dizh3 hours.

Gel permeation chromatography (GPC) measurements pezformed on two different machines,
depending upon the solubility of the polymers inFLHror THF soluble polymers, a Waters 2695
Separations Module apparatus with a differentithitive index detector (at UNC Chapel Hill) wagds
employing tetrahydrofuran (THF) as the eluent. FdF non-soluble polymers, a Polymer Laboratories
PL-GPC 220 instrument (at University of Chicagoswaed, using 1,2,4-trichlorobenzene as the eluent
(stabilized with 125 ppm BHT) at 135°C. The obtaimaolecular weight is relative to polystyrene
standards.

Cyclic voltammetry measurements were carried oingua Bioanalytical Systems (BAS) Epsilon
potentiostat equipped with a standard three-eldetomnfiguration. Typically, a three-electrode cell
equipped with a glassy carbon working electrodegigNO; (0.01 M in anhydrous acetonitrile)
reference electrode, and a Pt wire counter eleetvaaks employed. The measurements were done in
anhydrous acetonitrile with tetrabutylammonium Hesxaophosphate (0.1 M) as the supporting electeoly
under an argon atmosphere at a scan rate of 108.Rglymer films were drop-cast onto the glassh@ar

working electrode from a chloroform solution anéedrunder house nitrogen stream prior to
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measurements. The potential of Ag/AgNO3 refereteet®de was internally calibrated by using the
ferrocene/ferrocenium redox couple (Fc/Fc+). Tleetbchemical onsets were determined at the paositio
where the current starts to differ from the bagelifthe highest occupied molecular orbital (HOMOJ an
lowest unoccupied molecular orbital (LUMO) energydls were calculated from the onset oxidation

potential E,y) and onset reductive potentié.{), respectively, according to egs 1 and 2.
Eq 1: HOMO = —(E™ + 4.8) (eV)

Eq2: LUMO =—(E™ + 48) (eV)

Polymer solar cell fabrication and testing: Glass substrates coated with patterned tin-doped
indium oxide (ITO) were purchased from Thin Filmvis, Inc. The 150 nm sputtered ITO pattern had a
resistivity of 1%)/o. Prior to use, the substrates were ultrasonicfmed0 minutes in acetone followed by
deionized water and then 2-propanol. The substraes dried under a stream of nitrogen and subjeicte
the treatment of UV-Ozone over 20 minutes. A fdgerdispersion of PEDOT:PSS in water (Baytron
PH500) was then spun cast onto clean ITO substaa#@00 rpm for 60 seconds and then baked at €40 °
for 10 minutes to give a thin film with a thickness40 nm. A blend of polymer and PCBM (1:1, 1:2 or
1:3, w/w, depending upon the polymer, see Tableat310 mg/mL (for polymer) was dissolved in
dichlorobenzene (for PDTPr-BT) or chlorobenzene {fiher polymers) with heating at 60 °C for 6 hours
filtered through a 0.45m poly(tetrafluoroethylene) (PTFE) filter, and speast between 800 — 1200 rpm
for 60 seconds onto a PEDOT:PSS layer. The substregre then dried at room temperature ungeoN
12 hours. The devices were finished for measuremet thermal deposition of a 30 nm film of caloiu
and a 100 nm aluminum film as the cathode at aspresof ~ 1 x 18 mbar. There are 8 devices per
substrate, with an active area of 12 fmper device. The thicknesses of films were recorbgda
profilometer (Alpha-Step 200, Tencor Instrumenf3gvice characterization was carried out under AM
1.5G irradiation with the intensity of 100 mW/erfOriel 91160, 300 W) calibrated by a NREL certifie
standard silicon cell. Current versus potential/leurves were recorded with a Keithley 2400 digita
source meter. EQE were detected under monochroniatinination (Oriel Cornerstone 260 Y4 m
monochromator equipped with Oriel 70613NS QTH larap)l the calibration of the incident light was
performed with a monocrystalline silicon diode. Adbrication steps after adding the PEDOT:PSS layer

onto ITO substrate, and characterizations wereopaed in gloveboxes under nitrogen atmosphere. For
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mobility measurements, the hole-only devices inoafiguration of ITO/PEDOT:PSS (45 nm)/polymer-
PCBM/Pd (40 nm) were fabricated. The experimentak cturrent densitied of polymer: PCBM blends
were measured when applied with voltage from O ¥. @he applied voltag® was corrected from the
built-in voltageV; which was takeras a compensation voltayg=V,. + 0.05 V and the voltage drofs
across the indium tin  oxide/poly(3,4-ethylene-dibgphene):poly(styrene  sulfonic  acid)
(ITO/PEDOT:PSS) series resistance and contacttaesis, which is found to be around 85from a
reference device without the polymer layer. From fiots ofJ °° vs. V (supporting information), hole

mobilities of copolymers can be deduced from
2
J= g‘gr Eo s
whereg, is the permittivity of free space,is the dielectric constant of the polymer whiclassumed to be
around 3 for the conjugated polymergjs the hole mobilityV is the voltage drop across the device, land
is the film thickness of active layer.

Reagents:All solvents are ACS grade unless otherwise noMathydrous THF was obtained by
distillation from sodium/benzophenone prior to usehydrous methylene chloride was dried over
magnesium sulfate and filtered directly into theateon flask prior to use. Anhydrous toluene waesduss
received. Anhydroutert-butanol was obtained by treatment with sodium fraatd then distillation.
2-bromothiophene-4-carboxylic adifi2,6-di(trimethyltin)-N-(1-octylnonyl)dithieno[3,8:2,3-
d]pyrrole® 2,5-bis(trimethyltin)thiophen®, 4,7-dibromo-2,1,3-benzothiadiazol® and
2,1,3-benzothiadiazole-4,7-bis(boronic acid pinasier}* were prepared according to established

49,57

literature procedures. 2,6-Bis(trimethyltin)-4,8+8xylundecyl)benzo[1, B:4,5b'dithiophene;”>"and
N-(1-octylnonyl)-2,6-dibromodithieno[3,B:2',3'd]pyrrole’* "> were prepared using procedures analogous
to established literature procedures &ddnd**C NMR spectra are exhibited below for these monsmer

All other chemicals were purchased from commemrgairces (Acros, Alfa Aesar, Aldrich, Fisher

Scientific, Oakwood Chemical) and used withoutHartpurification.
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tert-butyl 5-bromothiophen-3-ylcarbamate (3):2-bromothiophene-4-carboxylic acid (11.584g, 55.95
mmol) was combined with anhydrous toluene (225 mlg dry flask under argon. Triethylamine (11.8
mL, 83.93 mmol) was added to the slurry, which peedomogeneous after addition. Diphenylphosphoryl
azide (12.1 mL, 55.95 mmol) was then added at rteonperature, and the reaction mixture was stiroed f
2.5 hours. The mixture was then heated to 80°Cstined for 1 hour. Anhydrouert-butanol (16.0 mL,
167.9 mmolwas then added, and the reaction mixture was @tfiorel6 hours at 80°C. The mixture was
then concentrated, and purified by column chromafoigy using a 3:2 toluene:hexanes solution as the
eluent. The fractions were concentrated, afforditgpige powder of sufficient purity for the follavg

steps. Yield: 11.807g (76%). Analytical purity wastained by recrystallization from cyclohexanes
(refluxed, then cooled to 4°C), yielding colorlgsssms which were stable in atmosphere for oveeakwy
Colorless crystalline solid; m.p. 88-91°¢H NMR (CDCk, 300 MHz,5): 7.04 (br s, 1H), 6.94 (br s, 1H),
6.61 (br s, 1H), 1.50 (s, 9HFC NMR (CDCh, 100 MHz,5): 152.5, 135.8, 123.7, 111.7, 108.7, 80.9, 28.2.

ESI-TOF MS: [M+Na] = 299.9667 (calcd [M+N&}= 299.9670).

N

Br— |

\\Br
STNF S

2,6-dibromo-8-(1-hexylnonyl)dithieno[3,2b:2',3'-€]pyridine (5): 3 (2.039 g, 7.33 mmol), and
2-hexyldecanal (881 mg, 3.67 mmol) were dissolvednethylene chloride (40 mL). Trifluoracetic acid
(1.8 mL) was slowly added over 3 minutes, and #selting mixture was heated to reflux. After 18 tsu
the reaction mixture was partitioned between,Clland ice cold 10% NaOH solution, separated, and the
organic layer was dried over p&O,. The mixture was then purified by column chromaapdy eluting
with a 7:1 mixture of hexanes:ethyl acetate. Thiltang yellow oil was then concentrated under weaxu
(0.5 mmHg) for 24 hours, resulting in a pale brosalid. Yield: 615 mg (30%). Brown solid; m.p. 60-
61°C. *H NMR (CDCk, 300 MHz,8): 7.57 (s, 2H), 2.99 (m, 1H), 2.01 (m, 2H), 1.84, @H), 1.16 (m,

20H), 0.86 (m, 6H)**C NMR (CDCk, 100 MHz,5): 154.98, 141.66, 127.66, 120.93, 47.02, 33.54 B3
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31.72, 31.49, 29.48, 29.19, 29.10, 27.79, 22.554&213.99, 13.91. ESI-TOF MS [M+H} 558.0506

(calcd [M+H] = 558.0499).

/\/ﬁ/CHO

2-hexyldecanal (4):Dimethylsulfoxide (10.2 mL, 143.6 mmol) was dissmdvin anhydrous methylene
chloride (350 mL), and chilled to -78°C under arg@xalyl chloride (6.48 mL, 75.6 mmol) was then
slowly added dropwise, while maintaining the tenapere at -78°C. The mixture was stirred for 30 min,
and then 2-hexyldecan-1-ol (20.9 mL, 71.99 mmol} weded dropwise at -78°C. The mixture was stirred
for 35 minutes carefully maintaining -78°C. TEA (30L, 215 mmol) was added, and a thick white
precipitate formed. The mixture was stirred for mihutes at -78°C, and then allowed to warm to room
temperature. The mixture was poured into 1M HCH amtracted with methylene chloride. The organic
layer was then washed repeatedly with distilledewaand dried over MgSO The mixture was then
filtered, concentrated, and filtered through a shglug of silica gel. The silica gel was washed hwit
hexanes, and the filtrate was concentrated andletisunder reduce pressure. The desired aldehyate w
obtained at a distillate temperature of 105°C @rr6Hg. Yield: 12.087g (70%). Colorless dil NMR
(CDCls, 300 MHz,8): 9.55 (d,J = 3.3 Hz, 1H), 2.21 (m, 1H), 1.60 (m, 2H), 1.45 @), 1.27 (m, 20H),
0.88 (t,J = 6.6 Hz, 6H).*C NMR (CDC}L, 100 MHz,5): 205.45, 51.94, 31.80, 31.59, 29.66, 29.35, 29.32

29.18, 28.88, 27.03, 26.99, 22.59, 22.52, 14.05.3

N 1) n-BulLi N
/Y ) __ort-Buli D« B XD
S S 2)cp;0D S S
R R
1 R, = 2-hexyldecyl

Deuterium Lithiation Experiments: The following lithiation conditions are reproducefiom
Macromolecules 2004, v. 37, p. 710(151 mg, 0.363 mmol) was dissolved in 1.5 mL dfyairous THF

in a dry flask. The solution was cooled to -78°@d @ 2.5M solution ofi-BuLi in hexanes (0.35 mL, 0.87
mmol) was added dropwise. The solution was stiated?8°C for 1 hour, and then at 0°C for 5 houtse T
solution was then cooled back down to -78°C, antharel-D4 (0.5 mL) was added in one portion. The
solution was stirred at -78°C for 5 minutes, anentiivarmed to room temperature. The reaction mixture

was then filtered through a silica plug (250 mg)d ahe plug was washed with 1 mL of &, The
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resulting filtrate was then concentrated, and tesidue was analyzed by NMR. The procedure was

repeated using 2.05 equivalents-&uLi @ -78°C for 1 hour, and then quenching witbthanol-D4.

Representative  Stille  Coupling  Polymerization  Procdure:  2,6-Bis(trimethyltin)-4,8-(3-
hexylundecyl)benzo[1,2-b:4,5-b]dithiophene (498 rBd02 mmol), 4,7-dibromo-2,1,3-benzothiadiazole
(147 mg, 0.502 mmol), trftolyl)phosphine (18 mg, 0.06 mmol), and 25 mL ahwdrous toluene were
combined, and purged with argon for 20 minutes.emTtris(dibenzylideneacetone)dipalladium(0) (7 mg,
7.53x10°> mmol) was added under a stream of argon, and tutioa mixture was purged for an additional
15 minutes. The mixture was then heated to retun stirred for 72 hrs. The reaction mixture wWaen
precipitated into methanol, and filtered into arr@stion thimble. The polymer solids were then Idek
extracted with methanol, ethyl acetate, hexaned, adioroform. The chloroform extracts were then
concentrated, and precipitated into methanol. mselting solids were filtered, washed with methano
and residual solvent was removed under vacuumbambn Hg affording polymer PDTBNn-BT as a blue-

black powder. Yield: 32mg (8%).
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Chapter 3: Low band gap polymers based on
benzo[1,2-b:4,5-b "dithiophene: rational design of polymers

leads to high photovoltaic performance

Adapted with permission froflacromolecule201Q 43, 4609

By Samuel C. Price, Andrew C. Stuart, and Wei You

In the previous study, benzo[1,2 b:4,3dithiophene (BnDT) emerged as the most promising
donor candidate for intramolecular charge transtgolymers. In an effort to further increase theveo
conversion efficiency of these materials, BnDT llapelymers have been designed to better fit the fou
key design criterfd"“that have emerged for the ideal candidate dongmperis to be used in BHJ devices
with fullerene as the acceptor: (a) a low HOMO ggdevel in order to achieve a high open circuitage
(Voo); (b) a low band gap to maximize light absorpti¢e); a high hole mobility, which requires a planar
structure to encouragestacking of the polymer chains; (d) a high molacweight and good solubility, to
achieve the optimal morphology, in order to maxenike short circuit currendy), and a high fill factor
(FF). Unfortunately, though numerous low band gap neltehave been synthesized, only few polymers
have closely met all these criteria and demonstratgpressive efficiencie8:**>! In this study, a new
intramolecular charge transfer (ICT) copolymief® poly[4,8-dialkylbenzo[1,b:4,5bdithiophene-alt-
4,7-di(4-hexyl-2-thienyl)-2,1,3-benzothiadiazolé]BnDT-4DTBT) was developed to fulfill these design
criteria. BHJ solar cells based on the blend of flilymer and P§&BM demonstrated ¥, of 0.81 V, als.
of 9.70 mA cnf, and aFF of 0.55, yielding an overall efficiency of 4.3%der 1 Sun condition (AM1.5,
100 mW cnf). To the best of our knowledge, PBnDT-4ADTBT#BM demonstrates one of the highest
efficiencies achieved so far, under 1 sun condstidty BHJ solar cells comprised of any single landb

gap polymer blended with RBM.**49*°
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BnDT D 2\d 4DTBT

PBnDT-4DTBT: R4 = 3-butylnonyl, R, = n-hexyl
PBnDT-DTBT: R4 = 3-hexylundecyl, R, = H

Figure 3.32.Structure of polymers. (a) Benzene center ringesithe oxidation potential, and planarity of
BnDT unit encourages stacking. (b) Flanking thiophenes promote plagasftthe polymer backbone via
reduction of steric hindrance between adjacent m@mauinits. (c) 2,1,3-benzothiadiazole unit loweasd

gap through ICT. (d) Additional alkylated positigm®vide high molecular weight and soluble polymer.

Monomer and Polymer Synthesis

By fusing an electron deficient benzene with tvaniing thiophene units, the co-monomer BnDT
offers a high oxidation potential, thereby fulfil§j criterion (a). Furthermore, BnDT has an entipghnar
and symmetrical structure, an important prereqiisitorder to achieve high mobility according td. ¢eor
example, BnDT based copolymers have recently shbigh hole mobility in organic field effect
transistors.” Several ICT copolymers based upon BnDT for ugghistovoltaic cells have been thoroughly
investigated, but power conversion efficiencieshef resulting devices remained below 1.78%6.BnDT
has also been copolymerized with thieno[Blghiophene by Liang et. al., and device efficiesciwer 7%
were obtained®*° Unfortunately, the low oxidation potential of the-monomer, thieno[3,8}thiophene,
established a low,, thereby limiting the potential of this polymeratiain 10% efficiency?

The remaining two design criteria, (b) a low bamgb,gand (d) a high molecular weight and good
solubility were satisfied by the selection of th¢éhey co-monomer, 4,7-di(4-hexyl-2-thienyl)-2,1,3-
benzothiadiazole (4DTBYj (Figure 3.32). The DTBT unit is a common electo&ficient co-monomer,
which lowers the band gap through IET® The two additional alkyl chains in the case of &0 allow
for more soluble polymers that do not precipitateiy polymerization. Preventing this precipitatis

critical to ensuring high molecular weight materaahd the importance of molecular weight in phottaio
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materials is well documenté®®’® Monomers similar to 4DTBT and their utility in @lining high
molecular weight polymers have been previouslyistlidresulting in power conversion efficienciesdvel
3% 898285 However, BnDT is a more suitable monomer tharsé¢hstudied previously (e.g., fluorene) to
polymerize with 4DTBT, due to the flanking thioplesn These thiophenes eliminate steric hindrarora fr
the alkyl chain at the 4 position of the adjacédphene (Figure 3.32b) that is normally exhibitedhe
case of benzene based monomers such as fluoremesharzoles that do not contain a heteroatom. This
minimized steric hindrance also results in a plar@rjugated backbone, leading to a small band gdp a
high mobility #°

Thus, PBnDT-4DTBT was synthesized using standaitte $bupling polymerization conditions,
yielding a green-black solid. For comparison, Bnid&s also polymerized with non-alkylated DTBT.
Though longer branched alkyl chains were anchoredhe BnDT of PBnDT-DTBT, this polymer still
exhibits low molecular weight with a number averagelecular weight §I,) of 5.6 kg/mol K, = 5.8),
likely due to precipitation of the polymer durirfietpolymerization. Accordingly, we observed thidrge
quantity of solid PBnDT-DTBT remained in the Soxhilleimble after extraction with chloroform. With
additional solubilizing chains on the 4DTBT uniBf®DT-4DTBT displayed a higher molecular weight

(M, = 21.9 kg/mol X, = 21.5, PDI = 4.14), ascribable to the increasgdtslity of this polymer.

Optical and Electrochemical Properties

Optical and electrochemical characterization oftthe polymers reveals that these polymers are
almost identical. The optical band gap of both pwys is 1.7 eV. PBnDT-DTBT demonstrates a more
pronounced shoulder at approximately 650 nm (Fi@ud8a), which can be attributed to slightly ince
n stacking and extension of the conjugation over dimensions in the solid staf2CV measurements
demonstrate a HOMO and LUMO energy level of — ®83and — 3.17 eV respectively for PBnDT-DTBT.
In the case of PBnDT-4DTBT, these energy levelsease to a HOMO of — 5.26 eV, and a LUMO of —
2.96 eV, due to the electron releasing hexyl groopghe thiophenes of the 4DTBT unit. These small
differences clearly indicate that the two hexyliosaon the 4DTBT unit were introduced into the pody

chain with minimal detrimental effect on the electremical and optical properties of the polymer.
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Figure 3.33.(a) UV-Vis absorption of both polymers in chlorofo solutions at room temperature and as

thin films. (b) Energy band diagram (eV).

Photovoltaic Properties

Preliminary photovoltaic results are exceptiongtypmising for each of these two materials,
especially for PBnDT-4DTBT. BHJ devices of the twolymers blended with REBM yield power
conversion efficiencies breaching 3.8% (Figure 8)3Despite exhibiting a slightly higher HOMO energ
level, PBNnDT-4DTBT displays ®,. of 0.81 V, only 20 mV lower than that of PBnDT-DTRK0.83 V).
However, thel. increases from 7.79 mA ¢hof PBNnDT-DTBT to 9.70 mA cffiin the 4-hexyl version of
the polymer (PBnDT-4DTBT), thus re-emphasizing ihgortance of a high molecular weight and
solubility in BHJ polymer solar celf§:3"8

Figure 3.34b shows the incident photon to currdfitiency (IPCE) of two BHJ thin films,
together with their individual film absorption spec Not surprisingly, these two thin films (~ 16en)
have almost identical absorption spectra, sincewlepolymers have the same conjugated backbone and
same blending ratio in regard to §BM (1:1). However, PBnDT-4DTBT:P&BM film shows a much
higher IPCE of 47% than that of PBnDT-DTBT baseduides (30%), likely due to a high hole mobility in
PBnDT-4DTBT:PG:BM devices. Mobility measurements via space chaigsgted current (SCLC)
disclose a hole mobility of 3.8 x @n? V* s* for the PBnDT-4DTBT:P&BM device, more than double

that of the PBnDT-DTBT:PEGBM device (1.6 x 18 cn? V' s%). Since these two polymers have an
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identical conjugated backbone (BNnDT-DTBT), the lkighole mobility is ascribed to the high molecular

weight of PBnDT-4DTBT.
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Figure 3.34.(a) Characteristic J-V curves of the devices diyper based BHJ solar cells under 1 Sun
condition (100 mW/cm2). 4.3% is one of the highelsserved efficiency numbers for PBnDT-4DTBT
based BHJ PV devices; the average efficiency af\Bagts was over 4%. (b) IPCE and absorption of-sem

optimized devices.

We have summarized four criteria developed fromcthlenination of other work for the design of
ideal polymers in order to achieve high efficiefyJ solar cell$>"*As a close-to-ideal polymer, PBnDT-
4DTBT exhibits a moderate oxidation potential, gsses an entirely planar?spybridized backbone,
absorbs light as low in energy as 1.7 eV, and digpmoderately high molecular weight, thus satigfyi
the four design criteria set forth. The additiofaxyl chains at the 4 positions of DTBT do not
significantly alter the optical or electrochemigabperties of the resulting polymer. Furthermolresse
hexyl chains increase the molecular weight andbsiity of the polymer, leading to the increased pow
conversion efficiency of PBnDT-4DTBT over that oBIfDT-DTBT. Both of these materials exhibit
exceptionally high preliminary power conversioni@éncies with PBM. Finally, only optimizations to
the device thickness and polymergfM ratio have been attempted. Switching to,fBM, optimizations
to the spin casting and annealing conditions, agwicé fabrication improvements are all options & b
explored. With further structural and device optations, increased power conversion efficiencies ar

possible in the near future.
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Experimental Section

General Methods:*H nuclear magnetic resonance (NMR) spectra werairdd at 400 MHz or
300 MHz as solutions in CDgbr in GD,Cl, at 100°C*C NMR spectra were obtained at 100 MHz as
solutions in CDG. Chemical shifts are reported in parts per milfppm,3), and referenced from
tetramethylsilane. Coupling constants are repdrtédertz (Hz). Spectral splitting patterns are deated
as s, singlet; d, doublet; t, triplet; m, multiplet, broad.

UV-visible absorption spectra were obtained by ar@dzu UV-2401PC spectrophotometer. For
the measurements of thin films, the polymer was-spiated @ 600 RPM onto pre-cleaned glass slides
from 10 mg/mL polymer solution ia-dichlorobenzene, and dried slowly in a petri diwh3 hours.

Gel permeation chromatography (GPC) measurements pegformed on two different machines,
depending upon the solubility of the polymers inFLHor the THF soluble polymer PBnDT-4DTBT, a
Waters 2695 Separations Module apparatus withferdiftial refractive index detector (at UNC Chapel
Hill) was used, employing tetrahydrofuran (THF)tls eluent. For the THF insoluble polymer PBnDT-
DTBT, a Polymer Laboratories PL-GPC 220 instrun{fahtUniversity of Chicago) was used, using 1,2,4-
trichlorobenzene as the eluent (stabilized with gt BHT) at 135 °C. The obtained molecular weight
relative to polystyrene standards.

Cyclic voltammetry measurements were carried oimgua Bioanalytical Systems (BAS) Epsilon
potentiostat equipped with a standard three-eldetomnfiguration. Typically, a three-electrode cell
equipped with a glassy carbon working electrodegigNO; (0.01 M in anhydrous acetonitrile)
reference electrode, and a Pt wire counter eleetvaas employed. The measurements were done in
anhydrous acetonitrile with tetrabutylammonium Hexaophosphate (0.1 M) as the supporting electeoly
under an argon atmosphere at a scan rate of 108.Rglymer films were drop-cast onto the glassh@ar
working electrode from a 2.5 mg/mL chloroform sautand dried under house nitrogen stream prior to
measurements. The potential of Ag/AgNO3 refereteet®de was internally calibrated by using the
ferrocene/ferrocenium redox couple (Fc/Fc+). Theetbchemical onsets were determined at the paositio

where the current starts to differ from the bagelifthe highest occupied molecular orbital (HOMOJ an
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lowest unoccupied molecular orbital (LUMO) energydls of polymers were calculated from the onset

oxidation potentialE,, ) and onset reductive potentid.{), respectively, according to eqs 1 and 2.

Eq 1: HOMO = —(E™ + 4.8) (eV)

Eq2: LUMO = —(E™ + 4.8) (eV)

Polymer solar cell fabrication and testing: Glass substrates coated with patterned tin-doped
indium oxide (ITO) were purchased from Thin Filmvis, Inc. The 150 nm sputtered ITO pattern had a
sheet resistance of ®#o. Prior to use, the substrates were ultrasonicéedlO minutes in acetone
followed by deionized water and then 2-propanok Shbstrates were dried under a stream of nitragdn
subjected to the treatment of UV-Ozone over 20 teiswA filtered dispersion of PEDOT:PSS in water
(Baytron PH500) was then spun cast onto clean Idli3tsates at 4000 rpm for 60 seconds and then baked
at 140 °C for 10 minutes to give a thin film withttickness of 40 nm. A 1:1 w/w blend of polymer and
PCBM at 10 mg/mL was dissolved in trichlorobenzewith heating at 140 °C for overnight, filtered
through a 0.45um poly(tetrafluoroethylene) (PTFE) filter, and speast between 500 — 1200 rpm for 60
seconds onto a PEDOT:PSS layer. The substrates tivemedried at room temperature underfdr 12
hours. The devices were finished for measuremeet tifermal deposition of a 30 nm film of calciumda
a 100 nm aluminum film as the cathode at a pressiurel x 10° mbar. There are 8 devices per substrate,
with an active area of 12 nfmper device. The thicknesses of films were recotued profilometer (Alpha-
Step 200, Tencor Instruments). Device charactéoizatas carried out under AM 1.5G irradiation witte
intensity of 100 mW/crh (Oriel 91160, 300 W) calibrated by a NREL certifistandard silicon cell.
Current versus potential (I-V) curves were recordéth a Keithley 2400 digital source meter. EQEeve
detected under monochromatic illumination (Orielrn@ostone 260 ¥+ m monochromator equipped with
Oriel 70613NS QTH lamp) and the calibration of theident light was performed with a monocrystalline
silicon diode. All fabrication steps after addinhet PEDOT:PSS layer onto ITO substrate, and
characterizations were performed in gloveboxes uniteogen atmosphere. For mobility measurements,
the hole-only devices in a configuration of ITO/PBDPSS (45 nm)/polymer-PCBM/Pd (40 nm) were

fabricated. The experimental dark current densifiesf polymer: PCBM blends were measured when
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applied with voltage from 0 to 6 V. The appliedtagieV was corrected from the built-in voltayg which
was takeras a compensation voltaggi=V,. + 0.05 V and the voltage dro@s across the indium tin
oxide/poly(3,4-ethylene-dioxythiophene):poly(styeeaulfonic acid) (ITO/PEDOT:PSS) series resistance
and contact resistance, which is found to be ar@m& from a reference device without the polymer
layer. From the plots af > vs. V (supporting information), hole mobilities of copolgrs can be deduced

from

9 2

J= gfr Eoln I

whereg, is the permittivity of free space, is the dielectric constant of the polymer whiclassumed to be

around 3 for the conjugated polymergjs the hole mobilityV is the voltage drop across the device, land

is the film thickness of active layer. AFM Imagesre taken using an Asylum Research MFP3D Atomic
Force Microscope.

Reagents: Anhydrous toluene was purchased from EMD Chengindlused as received.
Trimethyltin monomers A and B were synthesized gisimodified literature procedures and proton NMR
spectra are provided beldW?’ 4,7-dithien-2-yl-2,1,3-benzothiadiazole (DTBT dah, 7-di(4-hexyl-2-
thienyl)-2,1,3-benzothiadiazole (4DTBT) were sysiaed according to established literature
procedure§®® All other chemicals were purchased from commégnarces (Acros, Alfa Aesar, Aldrich,
Fisher Scientific) and used without further pusation.

Polymerization of PBNnDT-4DTBT: 4DTBT (212 mg, 0.338 mmol), 2,6-bis(trimethyIti)3-
di(3-butylnonyl)[1,2-b:4,5-b’]dithiophene (304 m@.,345 mmol), tri-o-tolylphosphine (13 mg, 0.406
mmol), and toluene (14 mL) were combined in a dagk, and purged with argon for 20 minutes.
Pd,(dba) (5 mg, 0.0051 mmol) was then added, and the telsetution was purged for an additional 15
minutes. The reaction mixture was then heatedftax, and stirred for 60 hours, before being griated
into rapidly stirring methanol. The resulting shuwas then filtered into a Soxhlet thimble, antrasted
extensively with methanol, ethyl acetate, hexaaerd,chloroform. The chloroform fraction was then
concentrated under a stream of argon, and pretggditato methanol at — 55°C. The slurry was fétkr
washed with methanol, and air dried. The greenkxalid was then collected, and dried under vacatim

0.7 mmHg for 24 hours. Yield = 276 mg (80%). Grédack solid;*H NMR (C,D,Cl,, 400 MHz,5): 8.13
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(s, 2H), 7.95 (s, 2H), 7.65 (s, 2H), 3.26 (s, 4409 (br s, 4H), 1.92 (br s, 8H), 1.48 (m, 52HY0(m,
12H). Elemental Analysis: Calculated fog,BssN.Ss: C, 73.03; H, 8.50; N, 2.75. Found: C,72.99; I5,78.
N, 2.71. GPC (THF @ room temp.);yM 21.9 kg/mol, N}, = 90.7 kg/mol, PDI = 4.14. PBnDT-DTBT

was prepared in a similar fashion, using an equamamount of DTBT instead of 4ADTBT
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Chapter 4: Fluorine Substituted Conjugated Polymer of Medium

Band Gap Yields 7% Efficiency in Polymer—Fullerene Solar Cells

Adapted with permission frodournal of the American Chemical Soci2811, 133 4625

By Samuel C. Price, Andrew C. Stuart, Ligiang YaAgaxing Zhou, and Wei You

Rapid and recent developments in the field of coafed polymers have led to dramatic increases
in polymer solar cell performance, reaching powenversion efficiencies over 68499 Research
activities on new materials development have béewst exclusively focused on creating polymers with
low band gaps, in order to extend the light absonpto 900 nm and beyond for increased light
harvesting®°**" However, medium (or even slightly wider) band gaglymers are still relevant to
photovoltaics in their own right. Low band gap eratls quite often are designed with higher thatinog
HOMO energy levels in order to achieve a narrowdbgap. While this provides a high short circuit
current (59 from the increased light absorption, the opeouiirvoltage Voo suffers®’ A highV,is more
readily achieved through medium band gap polymeith & low HOMO energy levef®® Moreover,
conjugated polymers usually have a relatively narabsorption widti® which significantly limits the
light absorption of these materials and leads wetahan expecteds. An emerging solution is to employ
a tandem cell structure, stacking two cells wittivaclayers absorbing different parts of the ssfaectrum.

This would cover a much wider portion of the saiaftux, significantly improving the overall device

efficiency®”®® In this regard, medium band gap polymers withhhiotovoltaic efficiency would be

desirable in addition to high performance low bgag polymers.
Poly(3-hexylthiophene) has long been the standaedium band gap polymer used in tandem
solar cells, since single bulk heterojunction (Bid8)ls of P3HT blended with PCBM exhibit a reliably

measured power conversion efficiency between 4%58a& However, P3HT exhibits a very high lying
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HOMO energy level of — 5.1 eV, which limits thg. of the resulting photovoltaic cells to a low valofe
0.6 V. Second, P3HT based BHJ cell requires eitemmal® or solvent annealif’ to reach maximum
performance, a time consuming process, which is emiducive to roll to roll high throughput
manufacturing. Thus, the seemingly overlooked omaddand gap polymers warrant further exploration.

Research efforts in this group have recently foduse developing low band gap intramolecular
charge transfer (ICT) copolymers using the desigtifroutlined in Fig. 1&8°'°**%The motif uses a band
gap reducing aromatic group (e.g. benzothiadiazol@ptain a low band gap, and two flanking thiopde
which provide planarity and a position to ancholubilizing alkyl chains. To apply this motif to ¢h
design of medium band gap copolymers, an accepibmith a higher LUMO energy level is required in
order to widen the band gap. One such candidatkei?-alkyl-benzd]][1,2,3]triazoles (TAZ), which
requires a higher potential to reduce due to thstitution of the sulfur atom in benzothiadiazolgwa
nitrogen atom. The lone pair on the nitrogen atemore basic than the lone pairs on sulfur, andase
easily donated into the triazole ring. This caysagmers employing benzotriazoles as the accaptibito
be more electron rich, which leads to a higher LUMGergy level. Therefore, wider band gaps are
observed for TAZ based polymers than the benzotiiate based counterparts. TAZ based polymers also
provide an additional advantage of incorporatinuisitizing alkyl chains onto the acceptor unit, hat
than on the thiophene rings on the backbone optiigmer. Alkyl chains anchored to the thiophenmaysi
on the polymer backbone may cause steric repuls@ween the adjacent monomer units. Therefore,
placing the alkyl chain away from the polymer bamkb on the TAZ unit allows the polymer backbone to
adopt a more planar conformation. We hypothesia¢ tihis increased planarity would increase the hole
mobility of the resulting polymer.

While a wider band gap is a disadvantage in theg light is harvested from the solar spectrum,
the larger gap between the HOMO and the LUMO onpitigmer provides an opportunity to increase the
open circuit voltagé®® In order to increase thé,. while holding the band gap constant, the energglée
of both the HOMO and LUMO of the conjugated polymmust be decreased simultaneously. Thus,
electron withdrawing groups would need to be adtiedhe polymer. Fluorine has recently attracted
attention as an electron withdrawing group usekigh efficiency photovoltaic polymefé.Since it is only

one small atom in size, it can be introduced oh® polymer backbone without any deleterious steric
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effects that a larger electron withdrawing groughsas a nitro or trifluoromethyl group would incur.
Density functional theory calculations predictef.41 eV decrease in the HOMO energy level by adding
two fluorine atoms to the benzotriazole unit. Thile fluorinated monomer, FTAZ, was envisioned and
synthesized.

Herein we report two new polymers incorporating Zmefithiophene (BnDT) as the donor and
either benzotriazole (HTAZ) or fluorinated analé AZ) as the acceptor. Both polymers show an aptic
gap of 2.0 eV, which is even slightly bigger thdmattof P3HT (1.9 eV). However, the photovoltaic
performance of PBnDT-HTAZ is on par with that ofHP3 with an overall efficiency of 4.3% at an active
layer thickness of 230 nm. More impressive resoiime from the PBnDT-FTAZ:REBM based BHJ
cells, which show &/, of 0.79 V, aJ of 12.45 mA/crf, and a very notablBF of 72.2%, leading to a
highest overall efficiency of 7.1% with an actiayér thickness of 250 nm. Furthermore, PBnDT-FTAZ
based BHJ cells are able to achieve an efficierfd§6 at an unprecedented active layer thicknest of
micron. All these boast the great potential of BBFFTAZ in constructing low cost, high efficiencylar

cells.

Synthesis of Monomers and Polymers

While HTAZ was synthesized according to literatueports, the synthesis of the fluorinated
monomer FTAZ is depicted in Fig. 4.355:!°° The synthesis began with a standard alkylatior Bf
Poor regioselectivity for the desired 2 positiosuleed in poor yields, which is typical for thispy of
reaction. In the second step, direct electrophiitomination of the electron deficient fluorinated
benzotriazole, 2, with molecular bromine resultedaw yield. Therefore, an alternative approacts wa
explored to first activate the 4 and 7 positionshef benzotriazole by deprotonating the benzotléarag
with LDA, and then quenching the resulting anionriediately with trimethylsilyl chloride. The resuly
carbon-silicon bonds can then be brominated witbesx bromine in chloroform at room temperature,
affording 3 in 53% vyield over two steps. A Negigtuupling followed by an NBS bromination then

finished the synthesis of the fluorinated monomEAE.
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Figure 4.35.(a) Typical design motif used by our research grand others shown on the left. 1) Benzene
was chosen as the Ar unit to provide a lower HOMPMovement of the solubilizing chains to the Ar'
group reduces steric hindrance between the BnDTomen and adjacent thiophenes. 3) Benzotriazole
chosen as the band gap lowering aryl unit to peddmedium gap. Ar = Aryl unit used to control the
HOMO energy level of the polymer. Ar'= Band gap ueidg aromatic group. &= solubilizing alkyl
chain. (b) Synthesis of FTAZ monomer. (c) Synthesipolymers PBnDT-FTAZ and PBnDT-HTAZ with

a Stille polycondensation polymerization.

Polymerization of the HTAZ and FTAZ monomers usirgjandard microwave Stille

polycondensation ~ conditiofls with the distannyl monomer  2,6-bis(trimethyltinB4di(3-
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butylnonyl)benzo[1,2:4,5b"]dithiophene produced the corresponding copolym@®BnDT-HTAZ and
PBnDT-FTAZ, Fig. 4.35c) in yields greater than 9986th polymers were purified by Soxhlet extraction
with methanol, ethyl acetate, hexanes, and chlomfd he resulting purple solids from the chloroform

fraction exhibit high and nearly identical moleaubgeight distributions (Figure 4.36).

Figure 4.36.Key polymer properties and calculated photovoliaécformances for PBNnDT-HTAZ and

PBnDT-FTAZ.

d
Voc Voc

Extinction = HOMO DFT Calc.

My/X/PDI*  Film E,’ Jso

Polymer Coefficient (CV) HOMO > Calc Measured
[ka/mol] [eV] [cm] [eV] [eV] [mA/cm?] V] V]

P,E{‘/EZT' 47.6/475/257 1.98 79x10 -529 —508 3364 068 071

PFBT”/EZT' 42.2/40.6/2.36 2.00 98x10 -536 —519 1874 076 0.79

a) M;= Number-average molecular weight determined by GPL;2,4-trichlorobenzene at 135°C.

b) Band gap calculated from the onset of the aligorpf the solid film.

¢) Measured from film absorption spectra.afy (534 nm).

d) Calculation based on HOMO measured from CV asidg.ithe saturation dark current density, according

to equation, _ nkT [JSCJ+AEDA
oc J Zq

so

Optical and Electrochemical Properties

The intrinsic properties of the two polymers arenmarized in Figure 4.36. Both polymers
exhibit nearly identical optical band gaps arourfdl &/ from the absorption edge of their thin filiksg.
4.37c), though the fluorinated material has a $lgthigher absorption coefficient. However, the
fluorinated material shows a more pronounced péakr@nd 575 nm in solution at room temperature,
which is associated with inter-chain interactiodsd while both absorption spectra blue shift byl 2
nm when collected in boiling chlorobenzene, thesrcitain association band still remains at a higher
relative intensity for the fluorinated material (FBT-FTAZ). This observed absorption behavior of

PBnDT-FTAZ indicates that it aggregates in solutiomch more strongly than PBnDT-HTAZ.
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Figure 4.37.Solution UV-Visible absorption spectra for a) RBRFTAZ and b) PBNnDT-HTAZ; ¢) Film
UV-Vis absorption spectra for both polymers; d) Tdwedative portion of the cyclic voltammogram for
PBnDT-FTAZ and PBnDT-HTAZ. The ferrocene/ferrocanivedox couple is used as a standard (-4.8 eV)

and is shifted up the Y-axis by 0.5 mA for clarity.

In addition to small differences in absorption gpgcthe two polymers display very similar
electrochemical oxidation characteristics as welig( 4.37d). Cyclic voltammetry reveals reversible
oxidation behavior for both polymers, with the ftimated polymer (PBnDT-FTAZ) being oxidized only
0.07 V after PBNnDT-HTAZ. This slight difference aso predicted by DFT calculations for the HOMO
energy levels of each material. Both materialsldisplOMO energy levels at least 0.2 eV lower thiaa t
currently favored, wide band gap polymer, P3HT (+&V), implying that a highev,. could be obtained
than that of the P3HT based devices (~ 0.6 V). @ywic voltammetry LUMOs for PBNnDT-FTAZ and

PBnDT-HTAZ are -3.05 eV and -2.87 eV, respectivdly.summary, despite minor differences in the
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aggregation properties in solution and the oxidati@havior, these polymers possess roughly idéntica

optical and electronic properties.

Photovoltaic Properties

Optimized photovoltaic devices were obtained by sgsting a 1:2 blend of polymer:RBBM in
1,2,4-trichlorobenzene (TCB), and then allowing ttiehlorobenzene to evaporate slowly in a petshdi
Solvents that evaporated faster such as dichlomsrenand other ratios of polymer to M produced
suboptimal results. This is likely due to the exieth solvent evaporation time from the higher bgilin
TCB, which allows more time for polymer chains tgganize into a near optimal morphology during
solvent annealing. Thickness optimizations weredceted and summarized in Table 2. While the optimal
thickness for PBnDT-HTAZ is easily identified aoand 230 nm with the highest. and FF among
corresponding values associated with all thickressadied, the optimal thickness in the case ofPBn
FTAZ is arguably estimated to be around 250 nm whke highest efficiency was obtained (7.1%) (Fig.
4.38a and 4.38b). In fact, one particular featufethe fluorinated material (PBnDT-FTAZ) is its
insensitivity to changes in active layer thickneBe Js. continuously rises as the thickness of the active
layer of PBnDT-FTAZ:PGBM BHJ cells increases (Fig. 4.38c and Table X)weweer, the fill factor
peaks around 250 nm with a value of 72%, then dafpss the thickness increases. Nevertheless, an
efficiency of 6% was still observed even at an enpdented active layer thickness of 1 micron inctme
of PBNDT-FTAZ (Fig. 4.38d).

Itis intriguing to note that PBNnDT-FTAZ performbrst twice as well as PBNnDT-HTAZ, though
the only difference between these two polymerésttvo fluorine atoms on the benzotriazole unitisTé
due to a 0.09 V increase in thlg, a 10% increase in thlg, and an increase from 55% to 72% in ffeof
PBnDT-FTAZ based BHJ cells. The small increase/ip can be explained by two factors. First, the
HOMO energy level for PBnDT-FTAZ is 0.07 eV lowdran the non-fluorinated material, due to the
electron withdrawing effect of the fluorine aton#sdditionally, PBNnDT-FTAZ also exhibits a slightly
lower J, value (Figure 4.365'% This is likely due to the repulsive nature of theorine atoms, which
repel hydrocarbon materia®. This hypothesis was tested with X-ray diffractispectroscopy (Figure

4.36), and indeed a larger d-spacing was obseorettié fluorinated polymer PBnDT-FTAZ than for the
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Figure 4.38.(a) J-V curves for the highest performing cells éach polymer. The fluorine atoms cause
increases in every performance category. PBnDTZ®¥erall performs 76% better than PBNnDT-HTAZ.
(b) Incident photon to current efficiency and sdlich absorption of each blend of polymer:PC61BM) (
Dependence of the FF and Jsc on the thicknessedddtive layer. (d) SEM of 1 micron active layeatth

showed 6% power conversion efficiency (scale barm.

non- fluorinated material (18.6 A vs. 17.5 A).idt therefore, not unreasonable to conclude thatBACis
also kept slightly farther away from the PBnDT-FTABains during electron transfer reactions. This
would increase the electron-hole charge transfamptex separation and slow down bimolecular
recombination. This retardation of the recombinmatiate has also been witnessed in fluorinated dyes
dye sensitized solar ceff> By combining the HOMO energy level and thg the calculated/,. matches
the experimental value extremely well (Figure 3fi)antitatively explaining the difference in the ebsd

Voe.
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Figure 4.39.Thickness optimizations for photovoltaic devices.

Polymer:

Thickness Voe Jsc FF ﬂaverag&ﬂmax)
Polymer  PGBM — “inml T M (mAmd (%] [%]
(w:w)

PBnDT-HTAZ 1:2 165 0.66 8.47 52.4 2.94 (3.27)

1:2 230 0.70 11.14 55.2 4.30 (4.36)

1:2 430 0.66 9.73 50.5 3.25(3.29)

1:2 750 0.71 9.41 47.1 3.14 (3.18)

PBnDT-FTAZ 1:2 160 0.74 11.54 70.4 6.03 (6.49)

1:2 250 0.79 11.83 72.9 6.81 (7.10)

1:2 310 0.79 12.20 67.3 6.47 (6.76)

1:2 400 0.74 13.33 58.0 5.83(6.17)

1:2 1000 0.74 13.97 54.1 5.60 (6.06)

PBNDT-HTAZ:PCBM 1:2
PBnDT-HTAZ —— PBNDT-FTAZ:PCBM 1:2
—— PBnDT-FTAZ
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Figure 4.40.X-ray powder diffraction of both polymer films {teand polymer:PgBM blends (right).

Both polymer films show broad x-ray diffraction psain then-n stacking region (~20°) of the
x-ray diffraction spectrum. The PBnDT-HTAZ materiekhibits an increased intensity in this region
compared to PBnDT-FTAZ, which is curious given the-Vis and solubility data indicate that the FTAZ
material aggregates much more strongly in solut@when blended with PGZBM, the peak corresponding
with the a-axis (100) direction remains much higfeerthe fluorinated polymer than for PBnDT-HTAZ.
This may indicate that the fluorinated material m@ins a morphology more similar to the neat fiamg

that PBnDT-HTAZ mixes more intimately with the feiene.
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Figure 4.41. X-Ray diffraction results and SCLC measured holebitities for PBnDT-HTAZ and

PBnDT-FTAZ .
SCLC measurement XRD measurement
Pol . . ]
oymer Thickness Mo?mty 20 d-spacing
(nm) (cm/V-s) [°] [A]
PBNDT-HTAZ 340 3.34x10° 5.05 17.50
Only
PBnDT-HTAZ:
PCBM (1:2) 270 2.94x10* 4.96 17.82
PBNDT-FTAZ 440 6.76x10° 473 18.68
Only
PBnDT-FTAZ:
PCBM (1:2) 170 1.03x10° 4.72 18.72

pm
o
nm

Figure 4.42. AFM images of 1:2 polymer:REBM blends. PBnDT-HTAZ (left), PBNnDT-FTAZ (right).

Note the wider range on the height scale for thbktrimage.

This assertion that the fluorinated material forfitlsis which are more phase segregated is
supported by the AFM. The roughness range for lsl@idhe fluorinated material is 16 nm, almost &vic
as large as the non-fluorinated material. Incréaseface roughness has been shown to correspahd wi
increased phase segregation in other conjugatsuneoffullerene compositéé**

The ability of the fluorinated polymer to maintaiary highFF even at active layer thicknesses

above 200 nm, and the higk are likely due to the high hole mobility of thelypmoer (Figure 4.41). The

hole mobility of PBNnDT-FTAZ is an order of magnitidiigher than the copolymer without fluorines in
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both neat polymer films, and when blended withgB®. The mobility values for the PBnDT-

FTAZ:PG;;BM blend (1 x 10 cmV-s ) are slightly larger than P3HT blends (2 ¥ T0f/V-s) in BHJ
devicest* Hence, we attribute the large increaselgnand FF, at least partially, to the increased hole
mobility of the fluorinated polymer.

In summary, two nearly identical polymers with adisen band gap of 2.0 eV have been designed
and synthesized following our design motif. Theyostructural difference between the two is that BBn
FTAZ bears two fluorine atoms on the benzotriazitg of the PBNnDT-HTAZ. While the photovoltaic
performance of PBNnDT-HTAZ based BHJ solar cellalisady on par with that of P3HT based devices, a
pleasant surprise comes from the fluorinated medteABnDT-FTAZ, with a peak device efficiency of
7.1% observed. Though the two fluorine atoms haweiramal effect on the optical and electrochemical
properties of the polymer, they have a profouneéafbn the hole mobility of the polymer, and thhs t
photovoltaic performance. PBNnDT-FTAZ based BHJ desiconsistently show a higheF andJs. than
PBnDT-HTAZ based devices at comparable thicknesiash a high hole mobility likely also explainsttha
fact that PBnDT-FTAZ:PEBM solar cell can still achieve over 6% efficieneyen at an unprecedented
active layer thickness of 1 micron. However, otlffi@etors are likely contributing to the increase in
efficiency. Investigations to further understand thpact of the fluorine atoms on the morphologlf s

assembly behavior, and exciton related dynamicsamently underway.

Experimental Section

Reagents. All solvents are ACS grade unless otherwise noteshhydrous THF was obtained by
distillation from sodium/benzophenone prior to us®iisopropylamine was distilled from potassium
hydroxide prior to use. 4,7-dibromo-2-(2-butylodtgH-benzo[d][1,2,3]triazolé®>*%® 2 6-
Bis(trimethyltin)-4,8-(3-butylnonyl)benzo[1,2-b:4B]dithiophene’*®* 2-butyloctylbromide’* and 5,6-
difluoro-1H-benzo[d][1,2,3]triazof@” were prepared according to modified literature cprures. All
reagents were purchased from VWR, Fisher Scienfifimamic Absorbents, Silicycle, Accela ChemBio
Inc., and were used without further purification.

4,7-bis(5-bromothiophen-2-yl)-2-(2-butyloctyl)-2H-kenzo[d][1,2,3]triazole  (HTAZ).  Thiophene

(3.01 g, 2.5 eq) was dissolved in dry THF (40 mb )i flame dried flask under argon. The mixture was
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cooled to 0°C in an ice bath, and 1.6M n-BuLi irxdmees (22.8 mL, 2.55 eq) was added dropwise over 3
minutes. The solution was stirred for 35 min mamitey the temperature at 0°C, and then anhydroudZn
(5.07 g, 2.6 eq) was added as a solution in 40 mLTéHF. The reaction was stirred for 5 min at 0&@d
then Pd(PP),Cl, (602 mg, 6 mol %) was added in one portion. 4bfatno-2-(2-butyloctyl)-2H-
benzo[d][1,2,3]triazole (6.39 g, 1.0 eq) was thddexd via cannula as a solution in 20 mL of dry THRe
reaction mixture was then heated to reflux, andestifor 16 h. The reaction mixture was then pountol
water and extracted with ethyl acetate. The orgkayier was then washed with water (3x), dried (MgSO
filtered, concentrated in vacuo, and purified byluomn chromatography on silica gel using 4:1
hexanes:ChLCl, as the eluent. The resulting fluorescent yellolidseas then dissolved into THF (80 mL),
and N-bromosuccinimide (2.89 g, 2.0 eq) was addednie portion. The reaction mixture was stirred for
3.5 h, and then poured into saturated Nakl€@ution and extracted with ethyl acetate. Theanig phase
was then washed with water (3x), dried (MgxGiltered, and concentrated in vacuo. The maltevias
then purified by column chromatography on silicd, gsing 3:1 hexanes:chloroform as the eluent. The
resulting yellow solid (HTAZ) was then recrystafliz twice from isopropanol to yield a yellow powder.
Yield (2 steps): 2.79 g (32%). Fluorescent yellmlids mp 70°C.'H NMR (CDCk, 400 MHz,8): 7.76 (d,
334n = 3.6 Hz, 2H), 7.46 (s, 2H), 7.10 @y = 4 Hz, 2H), 4.71 (B34, = 6.4 Hz, 2H), 2.27 (m, 1H), 1.26
(m, 16H), 0.90 (t3Juy = 7.2 Hz, 3H), 0.86 (£J. = 6 Hz, 3H)."*C NMR (CDC}, 100 MHz,3): 141.55,
141.24, 130.80, 126.81, 122.90, 122.01, 113.1888%9.09, 31.82, 31.38, 31.15, 29.56, 28.45, 26.17
22.96, 22.65, 14.09. Anal. Calcd fogsB3:Br.NsS,: C, 51.24; H, 5.13; N, 6.89. Found: C, 51.52; 1954

N, 6.88.

Polymerization of PBNDT-HTAZ. 2,6-Bis(trimethyltin)-4,8-(3-butylnonyl)benzo[1124,5-
b'ldithiophene (132 mg, 1.0 eq), HTAZ (91.4 mg, 1€y), Pd(dbal (2.8 mg, 0.02 eq), and
tri(o-tolyl)phosphine (7.2 mg, 0.16 eq) were combined bfry microwave vial. The vial was sealed with a
septum cap, and then evacuated and refilled widbrathree times. Dry, oxygen freexylene (0.75 mL)
was added. The mixture was then reacted in a maveweactor for 20 min, at 200°C (at 300W), anahthe
cooled to room temperature. The reaction mixture diduted with chlorobenzene (3 mL), and then the
polymer solution was precipitated into methanol)(h@L) at room temperature. The resulting purplebla

solid was filtered into a Soxhlet thimble, and exted with methanol, ethyl acetate, hexanes, and
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chloroform until the wash from each extraction watorless. When there was no solid remaining in the
thimble, the chloroform fraction was concentratadd chlorobenzene was added (5 mL). The polymer
solution was then precipitated into methanol atwmdemperature, filtered, and dried under vacuu.&t
mmHg. Yield: 143 mg (95%). Purple metallic sofid. NMR @ 400K (GD,Cl,, 400 MHz,5): 7.86, 7.23,
4.87, 3.14, 2.41, 1.87, 1.50, 1.08. GPC (1,2,4mimbenzene at 135°C): M= 47.6 kg/mol, N} = 133.4
kg/mol, PDI = 2.57.

2-(2-butyloctyl)-5,6-difluoro-2H-benzol[d][1,2,3]triazole (2). 5,6-difluoro-1H-benzo[d][1,2,3]triazole
(8.04 g, 1.0 eq), potassium tert-butoxide (5.81.91 eq), and 2-butyloctylbromide (13.04 g, 1.01 were
dissolved in 130 mL of methanol. The reaction \Wwaated to reflux for 17 h. The reaction mixture was
then poured into saturated NE solution, and extracted with ethyl acetate. dhganic layer was washed
with water (2x), dried (N£Qy), filtered, concentrated in vacuo, and purifieddjumn chromatography
on silica gel using 10:1 hexanes:ethyl acetatehasetuent. Yield: 2.88 g (17%). Colorless it NMR
(CDCls, 400 MHz,8): 7.59 (t,°J4r = 8.4 Hz, 2H), 4.58 () = 6.8 Hz, 2H), 2.22 (m, 1H), 1.28 (m, 16H),
0.86 (t,%J = 5.6 Hz, 6H).

4,7-dibromo-2-(2-butyloctyl)-5,6-difluoro-2H-benzof][1,2,3]triazole (3). 1.6M n-BuLi in hexanes
(12.5 mL, 2.25 eq) was added dropwise over 3 mi $olution of diisopropylamine (3.10 mL, 2.5 egila
dry THF (90 mL) under argon at -78°C. The solutwas stirred for 15 min, and then a solution of
Compound 2 (2.88 g, 1.0 eq) and trimethylsilyl ctde (3.1 mL, 2.75 eq) in dry THF (35 mL) was added
dropwise over 10 minutes at -78°C. -78°C was maiethwhile the reaction was stirred for 3 h, angnth
the reaction was quenched with 10 mL of saturatBlgQil The reaction was warmed to room temperature
and poured into saturated NEl. The mixture was extracted with ethyl acetatashed with water (3x),
dried (MgSQ), and concentrated in vacuo. The residue was thigsolved into CHGI (30 mL), and
bromine (3.6 mL, 8.0 eq) was added in one portaml the reaction was stirred for 16 h at room
temperature, shielded from light. The reaction ¥ poured into a mixture of 10% NaOH and ice, and
extracted with methylene chloride. The organic tayas washed with brine, dried (Mg®Qand purified
by column chromatography on silica gel using 4:kames:methylene chloride as the eluent. Yield (2
steps): 2.28 g (53%). Colorless dif NMR (CDCk, 300 MHz,5): 4.65 (d,3Jyy = 7.2 Hz, 2H), 2.31 (m,

1H), 1.24 (m, 16H), 0.87 (m, 6H)*C NMR (CDCL, 100 MHz,8): 149.07 (dd}Jcr = 253 Hz, e = 20
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Hz), 138.86 (t>*Jcr = 2.5 Hz), 96.10 (ddfJer = 15 Hz,%Jer = 9 Hz), 61.11, 38.98, 31.64, 31.08, 30.79,
29.40, 28.18, 25.93, 22.81, 22.57, 14.05, 13.92.
2-(2-butyloctyl)-5,6-difluoro-4,7-di(thiophen-2-yl}2H-benzo[d][1,2,3]triazole (4). Thiophene (0.87 g,
2.25 eq) was dissolved into dry THF (20 mL), andled to 0°C under argon. 1.6M n-BuLi in hexane$ (6.
mL, 2.3 eq) was added dropwise over 3 min. Theti@aevas allowed to stir at 0°C for 35 min, andrtfze
solution of anhydrous Zng(1.47 g, 2.35 eq) in dry THF (20mL) was added syange at 0°C. After 5
min, Pd(PP§),Cl, (193 mg, 6 mol %) was added in one portion at 0T@en compound .21 g, 1.0 eq)
was added via syringe as a solution in dry THFtll§. The reaction mixture was then heated to reflux
and stirred for 16 h. The reaction was then poimedwater, and extracted with ethyl acetate. Thyganic
layer was washed with water (3x), dried (MggQiltered, concentrated in vacuo, and purifieddmumn
chromatography on silica gel using 4:1 hexanes:yhetle chloride as the eluent. Yield: 1.99 g (89%).
Fluorescent yellow solidH NMR (CDCL, 300 MHz,5): 8.33 (dd 23y = 3.9 Hz,*Jyy = 0.9 Hz, 2H), 7.55
(dd, 33y = 5.1 Hz,"Jyy = 1.2 Hz, 2H), 7.24 (m, 2H), 4.73 (dly = 6.6 Hz, 2H), 2.86 (m, 1H), 1.26 (m,
16H), 0.89 (m, 6H).
4,7-bis(5-bromothiophen-2-yl)-2-(2-butyloctyl)-5,6difluoro-2H-benzo[d][1,2,3]triazole (FTAZ).
Combine 4 (1.99 g, 1.0 eq), N-bromosuccinimide §1g4 2.0 eq), and THF (75 mL). Stir for 20 hours at
room temperature, and then pour the reaction nexinto a saturated solution of sodium bicarbonate.
Extract with methylene chloride, dried (Mg@(Qfiltered, and then silca gel was added. Therglwas
concentrated in vacuo, and the resulting solidfigariby column chromatography on silica gel usifigll
hexanes:methylene chloride as the eluent. Afteeatipg the chromatography step a second time, a
fluorescent yellow solid was obtained in purity faiént for polymerization. Yield: 1.87 g (71%).
Fluorescent yellow solid; mp 76°H NMR (CDCk, 400 MHz,5): 7.97 (d,*Jy = 4 Hz, 2H), 7.13 (Juy
=4 Hz, 2H), 4.68 (d®Juy = 6.4 Hz, 2H), 2.23 (m, 1H), 1.40 (m, 4H), 1.27, (t@H), 0.91 (t3Jy = 7.2 Hz,
3H), 0.86 (t,3Juy = 6.8 Hz, 3H). *C NMR (CDCk, 100 MHz,8): 146.89 (ddJcr = 252 Hz,2Jcr = 19
Hz), 137.01 (t>*)cr = 4.2 Hz), 133.76, 130.26 (m), 130.19, 115.92 (t09.29 (dd3Jcr = 9.5 Hz,*Jcr =
4.4 Hz), 59.84, 39.10, 31.84, 31.41, 31.17, 2928.47, 26.20, 22.97, 22.66, 14.09. Anal. Calcd for

CaHaoBrFoNsS,: C, 48.38: H, 4.53; N, 6.51. Found: C, 48.20; 554N, 6.62.
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Polymerization of PBnDT-FTAZ. 2,6-Bis(trimethyltin)-4,8-(3-butylnonyl)benzo[1}24,5-
b'ldithiophene (132 mg, 1.0 eq), FTAZ (97 mg, 1.@),ePd(dbay (2.8 mg, 0.02 eq), and
tri(o-tolyl)phosphine (7.2 mg, 0.16 eq) were combine@ idry microwave vial. The vial was then sealed
with a septum cap, and then evacuated and refillddargon three times. Dry, oxygen freeylene (0.75
mL) was added. The mixture was then reacted incaawiave reactor for 20 min, at 200°C (at 300W), and
then cooled to room temperature. The reaction mextas then diluted with chlorobenzene (3 mL), and
then the polymer solution was precipitated into hmabl (100 mL) at room temperature. The resulting
purple-black solid was filtered into a Soxhlet thie and extracted with methanol, ethyl acetatgahes,
and chloroform until the wash from each extractieas colorless. When there was no solid remaining i
the Soxhlet thimble, the chloroform fraction wasrtconcentrated, and chlorobenzene was added (5 mL)
The polymer solution was then precipitated into hmabl at room temperature, filtered, and dried unde
vacuum at 0.5 mmHg. Yield: 153 mg (98%). Purpleatiie solid.'"H NMR @ 400K (GD,Cl,, 400 MHz,

8): 8.20, 7.26, 4.84, 3.07, 2.46, 1.51, 1.14, 1®BC (1,2,4-trichlorobenzene at 135°C), #42.2 kg/mol,

My = 99.9 kg/mol, PDI = 2.36.
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Chapter 5: The Synthesis of Thieno[3,4-d]imidazoles for use as a

Quinoidal Structure Stabilization Monomer

Thieno[3,4-d]imidazoles were initially investigdtelue to the ability to stabilize the quinoidal
resonance form of a conjugated polymer. The imilarag shows less aromatic character than benzene,
and thus the HOMO energy level of the polymers Itigu from thieno[3,4-d]imidazoles should remain
lower than that of the materials derived from bgaojtbiophenes. Additionally, the synthesis of trog34-
d]imidazoles was expected to be simpler than aflo@roidal stabilization structures which were cothg
being investigated in the literature that requigheor more steps to synthesiZeé'>*'’Lastly, the ability
to hydrogen bond between imidazoles within the paly chain may have provided interesting

opportunities as well, possibly using hydrogen biegdo control the planarity of the polymer.

R
7 NH ::NAN ;
'\ s ] . = s
s 1L s n
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Figure 5.43.Quinoidal structure in the conjugated polymer #itzdxl by the formation of an imidazole ring
in the thieno[3,4-d]imidazole based polymer (topgimilar to polymer structures containing

benzo[c]thiophenes (bottom).

The synthesis of thieno[3,4-d]imidazoles had besmied out previously in the patent literature

for pharmaceutical research (US Patent #538988@tarting from 3,4-diaminothiophene which had been
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prepared previously in large scale with inexpensaagents in 3 steps, reaction with an ethyl athigliate
hydrogen chloride would give the desired 2-ally-thieno[3,4-d]imidazole in just one st&f3.Therefore,
the alkyl chain could be incorporated into the desimonomer during the final step, allowing simple
optimization of the alkyl chain for solubility anldole mobility. Therefore 4,6-dibromo-2-undecyl-1H-

thieno[3,4-d]imidazole (2) was prepared using Yrlsetic route in figure 5.44.

C1qHas Cq1Ha3
- EtOH, HCI ONH, &! N HNC - NH: ol NJ\NH NBS N7 NH
~CqH ; ; )\—_j
s Toluene C11H23 OEt / \ 62% / \ THF
92% S 72% Br Br

S t[
—

S
1
Figure 5.44. The synthesis of 4,6-dibromo-2-undecyl-1H-thiend{8limidazole. Reaction of

dodecanonitrile with anhydrous HCI and ethanololuéne yields the desired imidate in high yield jckih

is then reacted with diaminothiophene to yielddesired heterocycle (1).

Following monomer synthesis, polymerization with  6-Bjs(trimethyltin)-4,8-
di(dodecyl)benzo[1,2-b:4,5-b’]dithiophene (3) usistandard Stille coupling polymerization conditions
was attempted. However after 41 hours stirringeitix in toluene the TLC showed the major produst a
unreacted tin monomer, and no appreciable solidea@o when the reaction was precipitated into
methanol. The polymerization reaction mixture wé a dark blue color, the same dark blue color of
highly polar side products formed in the brominatigith NBS. Additionally, attempts to deprotonalte t
imidazole nitrogen of 2 with a methyl group usirgisim hydroxide or sodium hydride yielded the same
dark blue color and complete consumption of thetiata material. Therefore we hypothesized that ttue
the electron rich nature of the thieno[3,4-d]imidiezheterocycle, rapid oxidation was occurringeesgqly
when deprotonated. Therefore, even if conjugatéghpers could be synthesized, their electron ricturea
would limit their success in photovoltaic cells.eThigh lying HOMO energy level, the success of pbthe
projects, and dwindling material ultimately causedto pursue other avenues. Future work addresising
electron rich nature of the thieno[3,4-d]imidazbkterocycle would be merited, given the potentfdow

band gap polymers made from this material.
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Figure 5.45. Both the Stille coupling polymerization (top) andeprotonation (bottom) caused

decomposition of the starting materials into bleeamposition products.

With previous quinoidal stabilization monomers suak thieno[3,4-b]thiophene, electron
withdrawing groups such as ketones or esters hesa bmployed to reduce the HOMO energy level of the
resulting conjugated polymé&t A similar strategy may be employed in this casevelt, and other stronger
electron withdrawing groups may be utilized. Adutiilly, rings which are more electron deficientrtha
imidazole may be used for the quinoidal stabil@at@pproach. Either of these approaches will likelyer

the HOMO of the resulting polymer, however theytbatid significant synthetic complexity.

s/i @F\f\/{F \\N R\/z

Figure 5.46. Thienoimidazoles employing electron withdrawing@ups to lower the HOMO energy level
(top row). Other possible quinoidal stabilizatiommomers using a ring which is less electron ricdnth
imidazole (bottom row). All monomer candidates off@ssible solutions to the exceptionally electrich

thienoimidazoles.
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Experimental Section

All solvents are ACS grade unless otherwise notethydrous THF was obtained by distillation
from sodium/benzophenone prior to use. Absolutarathand anhydrous toluene were purchased from
commercial sources and used as received. GaseoysH@ was made via dropwise addition of
concentrated HCI into a cooled (10°C) solution ohaentrated sulfuric acid (1 part HCI to 1.5 parts
H,S0Oy). Sodium hydride was purchased as a dispersionirieral oil, which was diluted with hexanes and
decanted (3x), dried on hivac, and stored in agyloox as a white powder. Brine was used as negessar
during extractions to break emulsions. 3,4-dianfimmgthene and ethyldodecanimidate hydrogen chloride
were prepared according to literature procedti&$’ All reagents were purchased from VWR, Fisher
Scientific, Silicycle, and were used without funtheurification. *H nuclear magnetic resonance (NMR)
spectra were obtained at 400 or 300 MHz as solsiiorCDC} or DMSO-g@. **C NMR proton decoupled
spectra were obtained at 100 MHz as solutions il€lg:BChemical shifts are reported in parts per million
(ppm, 8) and referenced from tetramethylsilane. Couplingstants are reported in hertz (Hz). Spectral
splitting patterns are designated as s, singlatpdblet; dd, doublet of doublets; t, triplet; guguintet; m,

multiplet; and br, broad. Melting points are uneated.

©
Cl
®NH,

/\/\/\/\/\)J\OE;[

ethyldodecanimidate hydrogen chloride Prepared following a procedure similar to refeeeny.
Dodecanonitrile (5.46 mL, 25 mmol), absolute ethg@dl9 mL, 37.5 mmol), and anhydrous toluene (33
mL, 0.75 M in dodecanonitrile) were combined irealsed flask under argon. The solution was thenechil
to 0°C. The argon needle was then removed, andH@iygas was purged through the solution for 20 min
while maintaining a temperature of 0°C. The reactiixture was then warmed to rt and allowed toistir
the sealed vessel for 16.5 h. The solvent was theroved via rotary evaporation, and diethyl ett2&0(
mL) was added to the remaining residue. A whitédsiohmediately precipitated, which was then filtgre
and washed with diethyl ether (100 mL). The slightygroscopic solid was air dried briefly and then
collected and stored in a dessicator until useldgigvhite solid. Yield: 6.407 g (92%). No charactation

performed, compound immediately used in the follaysétep.
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2-undecyl-1H-thieno[3,4-d]imidazole Prepared following a procedure similar to refeenb.
3,4-diaminothiophene (415 mg, 3.63 mmol), ethyldmaemidate hydrogen chloride (3.026 g, 10.89
mmol), and absolute ethanol were combined in & ffagl purged with argon for 15 minutes. The reactio
was then heated to reflux under argon for 1 hohe feaction was then placed in a room temperataterw
bath and stirred for 17 hours. The ethanol was teemoved via rotary evaporation, and then remaining
residue was purified by column chromatography dicasgel using 2:1 hexanes:ethyl acetate. Yield® 62
mg (62%). White solid; mp 78°GH NMR (CDCk, 300 MHz,3): 6.74 (s, 2H), 2.78 (£Jun = 7.8 Hz, 2H),
1.82 (quinJyy = 7.8 Hz, 2H), 1.25 (m, 16H), 0.88 {4y = 6.9 Hz, 3H)*C NMR (CDC}, 100 MHz,5):

165.47, 97.22, 31.87, 30.12, 29.58, 29.57, 29.9@84 29.31, 29.30, 27.87, 22.65, 14.09.

4,6-dibromo-2-undecyl-1H-thieno[3,4-d]imidazole 2-undecyl-1H-thieno[3,4-d]imidazole (622 mg, 2.23
mmol) was dissolved into THF (25 mL) in an opersKaN-Bromosuccinimide (794 mg, 4.46 mmol) was
added in one portion at rt. The resulting blue-blsglution was stirred at room temperature fortg.and
then poured into water. The organic phase wasedilutith diethyl ether, and washed with water (Z%)e
organic solvent was then removed via rotary evamraand the remaining blue-white solid was
recrystallized from boiling chloroform. The resolji white solid was then filtered, washed with cold
hexanes, and collected. Yield: 699 mg (72%). Whitdid; decomposition point 114°CH NMR
(DMSO-ds, 400 MHz,8): 12.05 (br s, 1H), 2.65 @Jun = 7.6 Hz, 2H), 1.71 (m, 2H), 1.24 (m, 16H), 0.86 (
3Jun = 6.8 Hz, 3H)*C NMR (DMSO-g@, 100 MHz,8): 167.92, 31.22, 29.21, 28.93, 28.91, 28.77, 28.63

28.55, 28.50, 26.77, 22.02, 13.87. ESI-TOF MS [M*#}35.0105 (calcd [M+H]= 435.0027).
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Chapter 6: Future Research Directions

The primary accomplishment of this dissertatiordentifying the aggregating effects of a planar
conjugated backbone and fluorine atoms on thereleateficient ring of the conjugated polymer. These
discoveries highlighted the importance of phaseregggion and the hole mobility of the conjugated
polymer. Therefore, the clear method for optimizthgse polymer cells is to lower the LUMO energy
level of the conjugated polymer while keeping theteer considerations (hole mobility, phase sediega
ability, ect.) constant.

The polymer with the highest power conversion éficy on record was measured to have a
LUMO energy level of -3.45 e¥? The lowest conjugated polymer LUMO measured is thork was -3.3
eV, and the fluorinated benzotriazole monomer whigdched efficiencies of 7% has an electrochemical
LUMO of -3.05 eV. Clearly there is sufficient roofar optimization in conjugated polymer materials,
since the ideal LUMO for a conjugated material s$imated to be between 3.8 — 4.0 \Therefore
stronger, more electron deficient acceptors whibehpositions for alkyl chains and fluorine atorheidd
be the primary focus of new research on conjugptdgimers.

The fluorinated benzotriazole monomer is limitedhiow far the LUMO can be decreased in
energy since it is already heavily substituted. Bhéy available modifications to the monomer withou
altering the fluorinated benzotriazole core woukl tb attach electron withdrawing groups to the lalky
chain of the benzotriazole. The lone pair of theogien at the 2 position on the benzotriazole iy basic,
and is the primary reason the LUMO is raised inrgpecompared to polymers synthesized with
2,1,3-benzothiadiazole. Therefore electron withdngwgroups that limit the electron donating abildf

the nitrogen may possibly decrease the LUMO ofréseillting conjugated polymers.
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Figure 6.47.A) the lone pair on the 2 nitrogen is quite basionating more electron density onto the
preferably electron deficient benzotriazole. B)dilen withdrawing groups which may limit the elegtr

donating ability of the 2 nitrogen, lowering the M®.

In order for the LUMO to be decreased further belytire ability of the fluorinated benzotriazole,
new aromatic moieties must be developed which @ordalow LUMO energy level, positions to affix
solubilizing alkyl chains, and fluorine atoms tampiote cofaciak-stacking. Monomers 1 and 2 proposed
below employ the quinoidal stabilization approaochidwer the LUMO of the resulting polymer, while
possessing the two fluorine atoms and alkyl chegqgsiired. Density functional theory calculationstba
LUMO of a similar conjugated polymer predicts a LOMf -3.8 eV, which would narrow the LUMO-

LUMO gap to unprecedented levels.

Figure 6.48. Proposed low LUMO quinoidal stabilization monomewich form a benzene ring to
stabilize the quinoidal structure. Monomers alsatam fluorine atoms, and solubilizing alkyl chaitts

meet the remaining design criteria.

66



HOMO =-5.2 eV
LUMO =-3.8 eV
Eg=1.4eV

LUMO

Figure 6.49. DFT calculated LUMO for a conjugated polymer camitay a structurally similar core to

monomer 1.

In addition to optimizing the LUMO of the conjugdtpolymer, a more thorough understanding of
the fluorine induced polymer aggregation (and sgbest hole mobility increase) is required. The
conventional explanation for the aggregation obfinated heterocycles with non-fluorinated aromatic
hydrocarbons is due to the opposite quadrapole mtsife The typical example is the case of
hexafluorobenzene packing in a co-facial fashiothvienzene when frozen in a single crystal. Similar
crystalline packing has been observed in shorbaligrs'?* This explanation must be verified in the case of
a complex conjugated polymer system, and the extefitiorination required to achieve this aggregati
effect must be measured. Therefore, crystal strestof oligomers of BnDT-FTAZ should be studied to
determine what the likely nature of the crystallipgcking in the solid polymer film is. Additionally
polymers with varying degrees of fluorination shibble studied to determine exactly how often fluerin

atoms are required on the polymer backbone to peefarmance increase.

R R
R NN R NN
s \ s \ /
/ /\/\ \/\/\
S / S Sn\ S S S 'm
R FF R

Figure 6.50.For example, a random copolymer of the fluorinsaed non-fluorinated material should be
synthesized. Often, only a small portion of theypmdr chain must possess strong electronic couplitiy

other polymer chains in order to increase the nitgbidr the bulk film.
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Appendix 1: Benzodithiophene Synthesis

The synthesis of 2,6-Bis(trimethyltin)-4,8-(alky$iizo[1,2b:4,5b'ldithiophenes have been
reported in a number of publicatiofis”*** However, after synthesizing this compound on naumer
occasions | have made some minor modificationbecsinthetic procedures used. This appendix wik gi

a highly detailed experimental on the synthesithisfkey monomer unit.

1) BuLi, -78C
CHO (e}
1)SOCI2 4
/ \ 3) BulLi, -78C S %
S 2) Et,NH 4) Warm to rt 0
5) O.
z 2
Swern
Corey-Fuchs
OH Parikh-Doering
CHO A
P N N NN
1) n-BuLi
2)2 qis) 5%PdIC g S
3) SnCl, STNF / H, S /
NN NS
3 4
1) n-BulLi, -78C
2) Warm to rt
J S, 3) SnMe;Cl J S,
/ —> Me;3Sn / SnMe;
S S
5

Figure A1.51.Synthesis of 2,6-Bis(trimethyltin)-4,8-(3-butylnd)benzo[1, 2b:4,5-b"]dithiophene.
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S 2) Et,NH
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COH N
U 1SoClL 7 )
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N,N-diethylthiophene-3-carboxamide (1) Thiophene-3-carboxylic acid (15.0 g, 117.05 mmaixs
suspended in methylene chloride (200 mL) in a fi@sid with a reflux condenser and an acid vapap t
Thionyl chloride (55.7 g, 468.2 mmol) was then atiddéowly over 5 min. The reaction was heated to
reflux for three hours, and then the volatiles wenmoved by rotary evaporation. Methylene chloridses
then added, and the mixture was cooled in an itle. Wahile swirling the contents of the flask by dan
diethyl amine (36 mL, 351 mmol) was then added SLOWIntil gas evolution ceases (Caution: HCI gas
evolution! Exothermic!). The resulting highly vise® slurry was then poured into 150 mL of 1M HCI (to
remove excess amine), and extracted with methytbitaride. The organic phase was then washed with
1M HCI (twice), 10% NaOH solution (twice), watendathen dried over sodium sulfate. The organic @has
was filtered through a silica plug and concentrated rotary evaporator affording a pale yellow ¥ikld:
17.39 g (81%)™H NMR (CDCk, 300 MHz,8): 7.48 (dd,*Juy = 3 Hz,*Jyy = 0.9 Hz, 1H), 7.32 (ddJuy =

4.8 Hz,"Juy = 3 Hz, 1H), 7.19 (ddJyy = 4.8 Hz,*Jy = 0.9 Hz, 1H), 3.39 (m, 4H), 1.20 (m, 6H).

Notes: The acid vapor trap is tygon tubing fittedhe top of the reflux condenser, which runs tigioan
Erlenmeyer filter flask (to prevent suck-backs)dahen to a funnel which is submerged in 10% NaOH
solution. During the addition of the diethyl amirtbe solution releases large quantities of HC| gad
becomes highly exothermic, and very viscous. Typica stir bar isn't sufficient to stir the viscous

mixture, and therefore | usually swirl the contehishand on an ice bath while slowly adding diethyl

amine.
1) BuLi, -78C

0 CHO 0

o = S
s J

/\ ) 3) BuLi, -78C S /
S 4) Warm to rt

1 5) 0,

2
Dithienoquinone (2).Compound 1 (18.19 g, 99.3 mmol) was weighed indoys500 mL flask, which was
the evacuated and refilled with argon (3x). Anhygrd HF (200 mL) was then added via cannula, and the

reaction was chilled to -78°C in a dry ice/acetbath. A 1.6 M solution of n-BuLi in hexanes (63 mL,

69



100.8 mmol) was added dropwise at -78°C and theticeamixture was stirred for 25 min. Thiophene-3-
carbaldehyde (8.7 mL, 99.3 mmol) was added, andethetion was stirred for 20 min while

maintaining -78°C. An additional portion of 1.6 MBuLi in hexanes (63 mL, 100.8 mmol) was then added
at -78°C and the reaction was stirred for 25 miswitde reaction was warmed to rt on an ambientrwate
bath and stirred for 2 h. The reaction was therrgmbinto water and air was bubbled through the unéxt
overnight, while stirring rapidly. A yellow-greemqzipitate then formed out of the brown solutiomd ghe
solid was filtered. The filter cake was washed withter, chilled methanol, and hexanes until thehaas
were colorless. The resulting yellow solid wasdaied. Yield: 17.28 g (79%fH NMR (CDCk, 300 MHz,

8): 7.69 (d,2Jyy = 4.8 Hz, 2H), 7.65 (& = 4.8 Hz, 1H).

Notes: Reaction can be done with only compound®dver, the aldehyde allows for a more convergent

synthesis. Distill the aldehyde prior to this réact and use within 1-2 days.

Swern
or

Parikh-Doerin
OH g CHO

For a swern oxidation, follows the same synthetazpdure used in chapter 2, for 2-hexyldecanak Ehi
the procedure used for the Parikh-Doering oxidati@thod.

2-butyloctanal. Pyridine- SQ complex (31.8 g, 200 mmol) was added to a solutfcanhydrous
dimethylsulfoxide (36 mL, 500 mmol) and methyletdocide (200 mL) in an open flask. The mixture was
stirred for 5 minutes, and then chilled on an iathtio 0°C. 2-butyloctanol (22.4 mL, 100 mmol) and
triethylamine were added in one portion as a swiuith methylene chloride (50 mL). The reaction dhpi
turned homogenous, and was stirred for 1 hour.réhaetion mixture was then poured into 1M HCI aral ic
(Caution exothermic). The organic phase was theshag with saturated ammonium chloride, and then
dried over magnesium sulfate. The organic phaseheasfiltered, concentrated, and then dissolvéal in
50 mL of hexanes. The hexanes solution was filt#nealigh a silica plug, and then concentrated ofary
evaporation. Affords a pale yellow oil of suffictgpurity, and was immediately used in the followstgps.
Yield: 15.68 g (85%)'H NMR (CDCk, 300 MHz,5): 9.55 (d,*Juy = 3.3 Hz, 1H), 2.22 (m, 1H), 1.61 (m,
2H) 1.43 (m, 2H), 1.27 (m, 12H), 0.89 (m, 6H).

Note: The yield is slightly reduced if you don’tcathe alcohol at 0°C.
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CBr4, PPh3 Br
—_—

CHO Z B

5-(2,2-dibromovinyl)undecane Carbon tetrabromide (89.54 g, 270 mmol), zina §1i8.66 g, 270 mmol),
and methylene chloride (775 mL) were combined impén flask and cooled to 0°C. Triphenylphosphine
(70.82 g, 270 mmol) was added in 5-6 portions &edéaction was stirred for 25 min. 2-butyloctanal
(24.855 g, 135 mmol) was added in one portion,giaismall portion of methylene chloride to rindeoél
the aldehyde into the reaction. The reaction wan #tirred for 18 h at rt. The reaction was thecuuan
filtered through a short plug of silica gel, andrconcentrated via rotary evaporation. The rexylti
viscous brown sludge was then dissolved into algmoeation of methylene chloride, and the organic
solution was added dropwise to 600 mL of hexandis kaipid stirring. The resulting hexanes soluticasw
then filtered through silica until no trace of tignylphosphine oxide was detectable by TLC. Thehex
solution was then concentrated, yielding a colasrt@swhich turned yellow-brown upon standing fe2 1
weeks. Yield: 38.38 g (84%)H NMR (CDCk, 300 MHz,8): 6.38 (t,%Jun = 7.2 Hz, 1H), 2.07 (m, 2H),

1.48 (m, 1H), 1.26 (m, 16H), 0.89 (m, 6H).

Br
=

n-BuLi
_—
Br X

5-ethynylundecane 5-(2,2-dibromovinyl)undecane (38.38 g, 112.8 mmd}s added to a dry flask, and
then the flask was evacuated and refilled with ar@@x). Anhydrous THF (225 mL) was then added, and
the reaction mixture was cooled to to -78°C inyide/acetone bath. A 2.5 M solution of n-BuLi in
hexanes (92.5 mL, 231.24 mmol) was added dropwidelse solution was stirred for 1 h at -78°C. Water
(20 mL) was then added at -78°C, and then theimraetas allowed to slowly warm to rt. The reactisas
poured into water, and extracted with hexanes.drbanic phase was washed with water (3x), dried ove
sodium sulfate, filtered, and concentrated in vadue resulting oil was distilled, and the desiatid/ne
was collected at 60°C @ 0.8 mm Hg. Yield: 14.699206)."H NMR (CDCk, 400 MHz,5): 2.30 (m, 1H),
2.04 (d,2Jyn = 2.4 Hz, 1H), 1.46 (m, 6H), 1.29 (m, 10H), 0.99 6H).

Note: Higher yield can be obtained simply by filtey the reaction through a silica plug instead of

distillation, but the purity is slightly lower.
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Compound 3 5-ethynylundecane (6.068 g, 33.65 mmol) was jplacea dry flask and the flask was
evacuated and refilled with argon (3x). Anhydrod#-1(100 mL) was then added, and the reaction was
cooled to 0°C. A 2.5 M solution of n-BuLi in hexang 3.6 mL, 34 mmol) was added dropwise at 0°C, and
the reaction mixture was allowed to stir for 1 len@pound 2 (2.95 g, 13.39 mmol) was added under a
stream of argon at 0°C, and then solution immeljiatened green-black in color. The reaction wased
for 3 h at rt, then water (5 mL) was added in oodipn and the argon line was removed. The darkmre
color disappeared, leaving a yellow heterogeneolugisn. A solution of SnGl2H,0 (15.10 g, 66.95
mmol) in 1 M HCI (75 mL) was added in one portiand the reaction was allowed to stir overnight.at r
The reaction was then poured into 10% HCI and et@thwith toluene. The organic phase was then
filtered through a silica plug, and then conceetlain a rotary evaporator. The resulting oil wasnth
distilled to remove unreacted 5-ethynylundecane fEsulting residue was then redissolved in a small
volume of hexanes and purified by column chromaiphy on silica gel using hexanes as the eluentdie
3.14 g (43%)*H NMR (CDClL, 400 MHz,8): 7.56 (d.2Juy = 5.4 Hz, 2H), 7.50 (fJuy = 5.7 Hz, 2H), 2.73
(m, 2H), 1.56 (m, 14H), 1.36 (m, 18H), 0.97°8 = 7.2 Hz, 6H), 0.91 (834 = 6.3 Hz, 6H).

Note: This reaction has two problem areas. Fieshaving the tin salts after the reduction is trickyou
wash the organic layer with base, all the tin saltsprecipitate, forming a nasty emulsion. Howeve
aqueous extraction with 10% HCI does not removeithgalts from the organic layer. Therefore, filtiee
organic phase through silica with a non-polar satVi&e toluene. These tin salts need to be removed
before distillation. Secondly, the distillationrecover the unreacted 5-ethynylundecane is crjtsiate it

is very difficult to separate the alkyne from comapd 3 using chromatography. The yield may posdiely

improved with the use of a Grignard reagent instefatBulLi.
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Compound 4.Compound 3 (4.99 g, 9.1 mmol) was dissolved itigleacetate (90 mL), and the flask was
purged with argon for 5 min. 5% Pd/C (455 mg) wddeal, and the reaction mixture was purged with
hydrogen gas from a balloon for 30 minutes. A fréat balloon was then fixed to the flask, and the
mixture was stirred overnight under a hydrogen aphere. The reaction mixture was then filteredubto
medium porosity filter paper and then concentraiadotary evaporation. The residue was then pdifi

by column chromatography in hexanes, affordinglartess oil. Yield: 4.25 g (84%JfH NMR (CDCl,

400 MHz,8): 7.45 (s, 4H), 3.13 (m, 4H), 1.72 (m, 4H), 1.59 @H), 1.37 (m, 8H), 1.30 (m, 24H), 0.91 (m,
12H).

Note: The purity of the compound out of the reattraries a lot by how much catalyst is used, and ho
new it is. Using too little, old catalyst will caaipartial reduction byproducts to occur, and they aften

be somewhat difficult to column out. However, ifuygive the reaction enough hydrogen and enough

catalyst, you can sometimes get it to go spot tt sp the TLC plate.

1) n-BulLi, -78C
2) Warm to rt
S 3) SnMe;Cl S
4 / Me;Sn 4 / SnMe,
S S

Compound 5, BnhDT Monomer. Compound 4 (1.301 g, 2.34 mmol) was placed irydldsk, which was
then evacuated and refilled with argon (3x). Anlogdr THF (50 mL) was then added, and the reaction
mixture was cooled to -78°C in a dry ice/acetonth b& 2.5 M solution of n-BuLi in hexanes (2.25 mL,
5.64 mmol) was added, and the reaction was stime80 min. The reaction was then placed in an amtbi
water bath and the reaction mixture was stirred far 30 min. A white precipitate formed. Then the
reaction was placed back in the -78°C in a dryaicetone bath, and stirred for 10 min. A 1.0 M sofubf

trimethyltin chloride in hexanes (6.1 mL, 6.1 mmefs then added in one portion, and the reactian wa
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allowed to stir for 1 h. The reaction was then gouinto water and extracted with ethyl acetate. The
organic phase was washed with water (3x), dried sedium sulfated, filtered, and concentrated icuea
The resulting pale yellow solid was then recrystall from boiling methanol. Yield: 1.544 g (75%) hité
crystalline solid*H NMR (CDClk, 400 MHz,3): 7.49 (s, 2H), 3.15 (m, 4H), 1.75 (m, 4H), 1.52 @H),
1.33 (m, 32H), 0.9 (m, 12H), 0.45 (s, 18HC NMR (CDCL, 100 MHz,8): 141.39, 140.12, 136.66,
129.64, 127.76, 37.79, 33.61, 33.31, 33.03, 38057, 29.88, 29.08, 26.78, 23.22, 22.76, 14.27,
14.18, -8.39.

Notes: You must warm up the reaction to rt befare guench with the SnMEel, otherwise you will not
get complete lithiation. Methanol has always workedt for me as a recrystalization solvent, but the
compound is fairly insoluble in methanol, so itéak-350 mL to recrystalize 1.5 g of product. Thétevh
solid is stable if stored at rt in the dark folestst several months, however the container musapped &
sealed. Long term exposure to atmospheric oxygércawise the monomer to degrade. If there are $race
of byproducts in the NMR, you can recover the Bigrimaterial by treating the tin monomer withS@;.

Spectra for this compound can be seen in appendix 3
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Appendix 2: Supporting Information for Chapter 2

NMR Spectra
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SP172-31_BrPyrMonomer
1
1

Current Data Parameters
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PROCNO
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H NMR
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SP118-155-1

Current Data Parameters
2 - Acquisition Parameter
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N
7\ [\
Br S S Br 1H NMR

SP190-78: Dibrominated Dithienopyrrole Current Data Parameters
NAME SP190-78_NBSBr
EXPNO 1
o COWVWT HO> FTOONWOWNHL NNV NO MW PROCNO 1
© ™ COEOVWILMN OWITNHONWN O ®™ O MO M
INERe} HOOO0OO00O NN ®®OOMM™ O WNN F2 - Acquisition Parameters
~ T T T A A A A A A A A A A o Date 20090526
Time 14.33
INSTRUM spect
PROBHD 5 mm TXI 13C 2z
PULPROG 2930
TD 32768
SOLVENT cDC13
0o - = 0w o o n NS 16
oen 5 S SHm =
SRNEN =1 S5 4 S 2
aa & S 8.8 SWH 5341.880 Hz
FIDRES 0.163021 Hz
RO 3.0672283 sec
RG
bW 93.600 usec
DE 6.00 usec
TE 294.8 K
D1 1.00000000 sec
TDO 1
CHANNEL f£1
NUC1 1H
P1 10.50 usec
PL1 0.00 dB
SFO1 400.0923618 MHz
F2 - Processing parameters
ST 32768
SF 400.0900039 MHz
WDW EM
sSB 0
LB 0.25 Hz
GB 0
BC 1.00
T T T T T T
i3 1.2 1.1 1.0 0.9 ppm
T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 ppm
) I | L
fo o rara of|le|w
12 of i~ 5 ||
| [r N’N 1;[« ©

'H NMR (CDCk, 400 MHz,3): 7.03 (s, 2H), 4.06 (m, 1H), 1.92 (m, 2H), 1.78 @H),
1.17 (m, 24H), 0.85 (t] = 6.8 Hz, 6H).
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:

Current D
NAME

EXPNO

ata Parameters
SP_DTPy_Brominated
1

PROCNO al

F2 - Acquisition Parameters

Date 20090717

Time 20.17

INSTRUM spect

PROBHD 5 mm ONP 1H/1

PULPROG 2gpg30

TD 32768

SOLVENT cDpcl3

NS 396

DS 2

SWH 23980.814 Hz

FIDRES 0.731836 Hz

BQ 0.6832628 sec

RG 16384

DW 20.850 usec

DE 6.00 usec

TE 300.0 K

D1 5.00000000 sec

dil 0.03000000 sec

DELTA 4.90000010 sec

TDO 1

CHANNEL f1

NUC1 13C

Pl 7.25 usec

PL1 0.00 dB

SFO1 100.5499020 MHz

CHANNEL £2

CPDPRG2 waltz16

NUC2 1H

PCPD2 90.00 usec

PL2 -3.00 dB

PL12 16.72 dB

PL13 20.00 dB

SFO2 399.8415994 MHz

F2 - Processing parameters

ST 32768

SF 100.5398518 MHz

WDW EM

SSB 0

LB 1.00 Hz

GB 0
1.40

T

T T T
160 140 120 100 80 60 40 20

0 ppm

3C NMR (CDC}, 100 MHz,5): 140.63, 115.00, 114.93, 109.45, 60.18, 35.000 &1

29.22, 29.14, 29.07, 26.46, 22.57, 14.00.
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SP173-70: Stannylated Monomer, 6,8-Chain
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'H NMR (CDCk, 400 MHz,3): 7.45 (SJsn-i= 14.8 Hz, 2H), 3.15 (1] = 8.4 Hz, 4H),
1.74 (m, 4H), 1.31 (m, 50H), 0.89 (m, 12H), 0.45).11= 28.4 Hz, 18H).
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3¢ NMR

SP173-70: Tin Monomer, 6,8

Current Data Parameters
NAME SP173-70_13C
EXPNO 1

T T T 5 T
160 140 120 100 80 60

13C NMR (CDC}, 100 MHz,8): 141.39, 140.11, 136.66, 129.64, 127.76, 37.3% 1
33.02, 32.07, 31.97, 30.56, 30.23, 29.87, 29.84L26.85, 26.77, 22.75, 22.71, 14.15,

-8.39.
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PROCNO 1
F2 - Acquisition Parameters
Date_ 20090623
Time 22.50
INSTRUM spect
PROBHD 5 mm TXI 13C Z
PULPROG 2gpg30
D 32768
SOLVENT cDC13
NS 2250
DS 4
SWH 24038.461 Hz
FIDRES 0.733596 Hz
20 0.6816452 sec
RG 32768
DW 20.800 usec
DE 6.00 usec
TE 293.7 K
D1 5.00000000 sec
dil 0.03000000 sec
DELTA 4.90000010 sec
TDO 1
======== CHANNEL fl ========
NUC1 13c
Pl 20.00 usec
PL1 0.00 dB
SFO1 100.6137773 MHz
======== CHANNEL f£2 ========
CPDPRG2 waltz16
NUC2 14
PCPD2 80.00 usec
PL2 0.00 dB
PL12 17.64 dB
PL13 23.00 dB
SFO2 400.0916004 MHz
F2 - Processing parameters
SI 65536
SF 100.6027128 MHz
WDW EM
SSB 0
LB 2.00 Hz
GB 0
PC 1.40
T
ppm



SCLC Measurement

Polymer:PCBM Device SCLC

100
—a— PDTPr-T (75 nm)

1—¥— PDTPr-BT (75 nm)
—=&— PDTBnN-T (65 nm)
80+ —e— PDTBN-BT (240 nm)
PDTPN-T (45 nm)
1—»— PDTBn-BT (45 nm)

‘E 60

40

3 0.5 (AO'5

204

0 T T T T T T T T T T T
0 1 2 3 4 5 6
Vappl Vi -V (V)

Polymer SCLC
80

—A— PDTPIT (130 nm)
—v— PDTPrBT (120 nm)
1-—=— PDTBNT (80 nm)
—e— PDTBNBT (105 nm)
60+ PDTPNT (60 nm)
—»— PDTPnBT (100 nm)

40-

3 0.5 (A0'5/ m)

20

R :
0 1 2 3 4 5 6
Vappl “Vpi -V (V)

Figure A2.52.Top:J%°vsV plots for the polymer films at room temperaturenira hole-only BHJ device

of ITO/PEDOT:PSS (45nm)/polymer:PCBM/Pd (40nnBottom: J°° vsV plots for the polymer films at

room temperature from a polymer-only device of IPBDOT:PSS (45nm)/polymer /Al (100nm). In both

Figures, the thickness of the films is indicatedd ahe solid lines are fits to the data points gsin
9 v?

J= gfr Eold, IR
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Additional Optical Data for PDTBn-T

064 ——PhCIR.T.
) PDTBN-T —— Film on Glass
;.:) Hot PhCI

0.54
o
o]
p -
O 044
0
o]
<i 0.3
o)
)
N 02
]
ég 0.1
S .
pz

0.0 T T T T T T T T T T

400 450 500 550 600 650

Wavelength (nm)

Figure A2.53. UV-Vis spectra of PDTBN-T in boiling chlorobenzes@ution, the same solution at room
temperature, and from a spun cast film on glas®e bathochromic shift from hot solvent to room
temperature solvent and from cold solvent to séilid is typical for planar conjugated polymers. The
second red shifted absorption peak is attributeeixtension of the conjugation over two dimensiarg]
aggregation of the polymer backbones.

1.0 —— PhCI Solution
— Film
2 o8
= 84
C
9
EE 0.6
D
N 0.4
©
E 021
p —
(@)
=z
0.0

450 ' 560 ' SéO ' 660 ' GéO ' 760 ' 7éO
Wavelength (nm)

Figure A2.54. Fluorescence spectra for PDTBn-T. The solution tspewas excited at 475 nm, the film
spectra was excited at 525 nm. The resulting ré@tishthe solid film is typical for conjugated pohers,
due to increased inter-chain interaction.
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XRD Measurement for PDTBNn-T

4000
3500
3000 ’
¥ 2500
c
3
g
> 2000
E }
c
2
£ 1500 } \
1000 I
500
0
0 5 10 15 20 25 30

2 Theta (deg.)

Figure A2.55. Powder X-Ray Diffraction of pure PDTBN-T. 62 4.55° corresponds to an inter-chain
spacing of 19.4 A or 1.94 nm (100 direction);=219.45° corresponds to an face to face stackirtgrtie
of 4.55 A or 0.46 nm (010 direction).
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Appendix 3: Supporting Information for Chapter 3

NMR Spectra

MesSn ) SnMe;

o N\

SP173-43: 6,4 tin monomer .
\/\ \/ S\
‘I
!r,
M'\n
| ”
| | I
L | A / \\-.,,_ S B VA 7;“{4,»@&_
B e R T [ e | . ;
B ppm 32 1 ppm 0 5 1.0 ).5 ppm
‘
|
E— _Ju_L g S /ﬁ. = ,,_,ﬂ_x JJI \\ ,-J -,,,,J\'u,. UI l&l,

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 ppm

o =| IGIED © )
S o o|=lw b -
| ~ < || o o

“ - -

'H NMR (CDCk, 400 MHz,3): 7.49 (s, 2H), 3.15 (m, 4H), 1.75 (m, 4H), 1.52, @H),
1.35 (m, 32H), 0.92 (m, 12H), 0.45 (s, 18H).
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AN

MesSn ) SnMe;

SP173-1: C13 Beng Ong Mcnomer Current mmaPaT?ﬁim

NAME 3=l
EXPNO 2
PROCNO 1

F2 - Acquisition Parameters
Date 201002

Time 18.40
INSTRUM spect
PROBHD 5 mm TXI 13C 2
PULPROG zgpg30

D 32768
SOLVENT cDC13

NS 2673

Ds 4

SWH 24038.461 Hz
FIDRES 0.733596 Hz
AQ 0.6816452 sec
RG 5160.6

D 20,800 usec
DE 6.00 usec
TE 294.8 K

Dl 5.00000000 sec
dl1 0.03000000 sec
DELTA 4.90000010 sec

SFO1 100.

CHANNEL £2

CPDPRG2
NUC2
PCPD2

23.00 dB
400.0916004 MHz

cessing parameters
65536

100.6027123 MHz
EM

0
1.00 Hz
0

1.40

T | ek T T I
150 140 130 120 110 100 9 B0 70 60 S50 40 30 20 10 0 ppm

%C NMR (CDCB, 100 MHz,8): 141.39, 140.12, 136.66, 129.64, 127.76, 37.3% 1
33.31, 33.03, 32.07, 30.57, 29.88, 29.08, 26.722322.76, 14.27, 14.18, -8.39

89



Me3Sn ) —SnMeg

0 N

’173-70: Stannylated Monomer, 6,8-Chain

SR "

75 7.0 65 60 55 50 45 40 35 30 25 20 15 10 05 ppm

2.00
4.08
4.28
3.60

'H NMR (CDCk, 400 MHz,3): 7.45 (s, 2H), 3.15 (m, 4H), 1.74 (m, 4H), 1.52, @H),
1.35 (m, 48H), 0.92 (m, 12H), 0.45 (s, 18H).
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AN

MesSn ) SnMe;

SP173-70: Tin Monomer, 6,8
ent Dat Pa mete
:}_Fii:‘l]_tﬂ.’h‘

2.00 Hz
0
PC 1.40

T — T i ? T
160 140 120 100 80 60 40 20 0

13C NMR (CDCB, 100 MHz,8): 141.39, 140.11, 136.66, 129.64, 127.76, 37.3% 1
33.02, 32.07, 31.97, 30.56, 30.23, 29.87, 29.8UL26.85, 26.77, 22.75, 22.71, 14.15,
-8.39.
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SP-DTBn-s0l6DTBT, High temp
¢ 7

=

1 o
o

w0
o W

S Y

'H NMR (C,D,Cla, 400 MHz,8): 8.13 (s, 2H), 7.95 (s, 2H), 7.65 (s, 2H), 3.864H),

253

o~ T o <t
ooy @ ™M @
o o = o
PN
| ]
\ ‘ \ /
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I
[
I
I
|
‘\
\
|
|
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[
|
R
|

50 45 40 35 30 25 20 15 1.0 ppm
I I I

7.56

3 2
i

3.09 (br s, 4H), 1.92 (br s, 8H), 1.48 (m, 52HRD(M, 12H).
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SCLC Measurement

80 T T T T T T T T T T

—=— PBnDT-4DTBT
—=—PBnDT-DTBT

Vappl Vi - Vr V)

Figure A3.56.J°°vsV plots for the polymer films at room temperaturenfra hole-only BHJ device of

ITO/PEDOT:PSS (45nm)/polymer:PCBM/Pd (40nm). Thiegs: ~ 100 nm. The solid lines are fits to the
9 V2

data points usingl = gé‘r Eoly, =
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Appendix 4: Supporting Information for Chapter 4

NMR Spectra

—
Current Data Parameters
$P230-29: 12 carbon triazole, monomer, post column $9230-29-5C. 6, d-triazole
NN Moo © N wmhmwmmmmmmomr\o\rimoowogégggo i
W wnoa — o DEONONODNNNHO OO OISO
R 8 TG ANATATOONOONNNNOR R R R R w2 - Acquisition parancters
R S S NN <« ANANAAAAAAAA IO O OO0 00N oo
oeiel TNSTROM
PROBHD 5 mm TXI 13C Z
PULPROG 2930
™ 33768
SOLVENT CcDC13
mmmmmmmmmmmmm NS 16
mmmmmmmmmmmmm s 2
SReRelGHU GG A SWH 5341.880 Hz
HHHHHHHHHHHHH FIDRES 0.163021 Hz

AQ 3.0672283 sec
RG 50.8
DW 93,600 usec

s 00 e
TE
Dl 1.00000000 sec
DO 1
======== CHANNEL fl ========
wuc1 1H
P1 10.50 usec
PL1 0.00 aB
SFO1 400.0923618 MHz
F2 - Processing parameters
SI 32768
SF 400.0900051 MHz
WOW EM
SSB 0
LB 0.25 Hz

o

BC 1.00

1.4 1.3 1.2 1.1 1.0 0.9 ppm

| - Uw@

oy

1.04

17.45

'H NMR (CDCk, 400 MHz,8): 7.76 (d,2Jun = 3.6 Hz, 2H), 7.46 (s, 2H), 7.10 @y =
4 Hz, 2H), 4.71 (B = 6.4 Hz, 2H), 2.27 (m, 1H), 1.26 (m, 16H), 0.80{ = 7.2
Hz, 3H), 0.86 (t2Jun = 6 Hz, 3H).
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SP230-29: 12 carbon triazole, monomer, post column Current Data Parameters
" =] o NAME SP230-29-PC_8,4-triazole
e ° o a9 i 8 S SBARLERE T EXPNO 2
[=} ] . . . PROCNO 1
= a o o o Lddcimdcia o
a ] A PAmeAaaaay 3
F2 - Acquisition Parameters
Date_ 20100408
ime 18
INSTRUM spect
PROBHD 5 mm TXI 13C 2
PULPROG zgpg30
TD 32768
SOLVENT CcDC13
NS 2017
DS 4
SWH 24038.461 Hz
FIDRES 0.733596 Hz
AQ 0.6816452 sec
RG 14596.5
DW 20.800 usec
DE 6.00 usec
TE 293.9 K
D1 5.00000000 sec
dll 0.03000000 sec
DELTA 4.90000010 sec
TDO 1
CHANNEL f1
13C
20.00 usec
dB

0.00
100.6137773 MHz

CHANNEL £2
waltz16
1H
80.00 usec
0.00 dB
17.64 dB
23.00 dB
SFO2 400.0916004 MHz
F2 - Processing parameters
s1
SF 100.6027137 MHz
WDW EM
SSB 0
LB 2.00 Hz
GB 0
BC 1.40

T T T T T T T T T T T T T T
140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

13C NMR (CDCE, 100 MHz,8): 141.55, 141.24, 130.80, 126.81, 122.90, 122103,16,
59.88, 39.09, 31.82, 31.38, 31.15, 29.56, 28.48,282.96, 22.65, 14.09.
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PBnDT-HTAZ

SP232-33-3:

No Fluorines, 3rd Batch
NAME
EXPNO

PROCNO

8.024
7.985
7.232
7.223
6.000
2.424
2.408
1.871
1.499

Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT
NS

——— 7.855

—— 7.662
— 7.419

e oL
T 1.039

—
I
-
_—1.120

SI
SF
WDW
SSB
LB
GB
PC

A N

N |

T T T T T T T T T T T
85 80 75 70 65 60 655 50 45 40 35 3.0 25 20

Aw W W Wy

96

Current Data Parameters

SP232-33-3_NoF
1
1

F2 - Acquisition Parameters

20100606

19.19

spect

5 mm TXI 13C 2
zg30

32768

CD2C12

64

2
5341.880
0.163021

3.0672283
1024

410.3
1.00000000
1

CHANNEL f1
10.50

0.00
400.0923618

F2 - Processing parameters

32768
400.0897370 MHz
EM

0
0.25 Hz
0

1.00

'H NMR @ 400K (GD,Cls, 400 MHz,5): 7.86, 7.23, 4.87, 3.14, 2.41, 1.87, 1.50, 1.08.



F F Compound 2

24: Alkylation Product, Fluorinated Triazole Current Data Parameters

NAME SP227-24_AlkylationMOP
v m n © ™ M~ OO NN S EXPNO - 1
O ® WO WO w O o~ O~ mMmes O o PROCNO 1
O 1 N w0 o~ N NN o o
F2 - Acquisition Parameters
~e o < = o~ AHHdHo 0O SR s ST
.o - © Time 0.12
~ oo o0 INSTRUM spect
O RS PROBHD 5 mm TXI 13C 2
Anini coo PULPROG zg30
™ 32768
SOLVENT cpe13
NS 16
DS 2
SWH 5341.880 Hz
FIDRES 0.163021 Hz
a0 3.0672283 sec
RG 128
oW 93.600 usec
DE 6.00 usec
TE 293.8
D1 1.00000000 sec
TDO 1
======== CHANNEL fl ========
Nucl 1H
Pl 10.50 usec
PL1 0.00 dB
SFO1 400.0923618 MHz
F2 - Processing parameters
T T T T T T T o s8
1.4 1.3 1.2 1.1 1.0 0.9 0.8 ppm pL 400.0900020 iz
ssB [
LB 0.25 Hz
GB 0
PC 1.00

75 7.0 65 6.0 5:5 5:0 45 40 35 30 25 20 15 10 05 ppm

2.00

'H NMR (CDCk, 400 MHz,8): 7.59 (%3¢ = 8.4 Hz, 2H), 4.58 (J4n = 6.8 Hz, 2H),
2.22 (m, 1H), 1.28 (m, 16H), 0.86 {8 = 5.6 Hz, 6H).
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Br Br

Compound 3

SP234-27:

Bromination via TMS, Fluorinated Triazole

Current Data Parameters
NAME SP234-27_LDA-TMS-Br
1

EXPNO
PROCNO 1

ow ~ M N NN M0N0 nwooda

em 5 B8aSNISRES 3288 AR, Aeauisition paranerers

© © @ VNN NN ®®O®© O —Hoo . .hate.

. T R TRt - B i B T 5% o oTime 18.20

<@ ~ dddddadoocoo S oo T T INSTRUM sp
PROBED 5 mm TXD 13C/3
PULPROG zg30
TD 32768
SOLVENT CDCl13
NS 16
DS 2
Si 4237.288 Hz
FIDRES 0.129312 Hz
AQ 3.8666739 sec
RG 2048
W 118.000 usec
DE 168.57 usec
TE 293.0 K
HL1 1 dB
D1 1.00000000 sec
Pl 11.25 usec
SFO1 300.1313000 MHz
NUCLEU:! 1H
F2 - Processing parameters
ST
SF 300.1300053 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB
PC 1.00

T T
0.90 0.85 ppm \J
T T T T T T T T T T T T
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 ppm

(= =3 €O {ts]

o < o —

(=] Eal €O o

o~ =3 [Ts] O

—

'H NMR (CDCk, 300 MHz,3): 4.65 (d,*Jun
0.87 (m, 6H).
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SP234-27: Brominated, Fluorinated Triazole, Post Column Current Data Parameters
QUER B8 Mo oo o © w0 MO WM 0o o NAME SP234-27-Br-F-Triazole
,,,,,,, ATER 588 H STZ2LARR2588 3 EXPNO 1
] O 8w e . oo s PROCNO 1
..... 35050 ES-3-34 SRR { RSP R p :

F2 - Acquisition Parameters
Date_ 20100330

ime 19.48
INSTRUM spect
PROBHD S mm TXI 13C z
PULPROG 2gpg30
TD 32768
SOLVENT CDC13
NS 2487
DS 4
SWH 24038.461 Hz
FIDRES 0.733596 Hz
AQ 0.6816452 sec
RG 3649.1
DW 20.800 usec
DE 6.00 usec
TE 294.9 K
D1 5.00000000 sec
dl1 0.03000000 sec
DELTA 4.90000010 sec
TDO 1
======== CHANNEL fl =—=======
NUC1 C
Pl 20.00 usec
PL1 0.00 dB
SFO1 100.6137773 MHz
======== CHANNEL f2 ===s=====
CPDPRG2 waltzlé
NUC2 1H
PCPD2 80.00 usec
PL2 0.00 dB
PL12 17.64 dB
PL13 23.00 dB
SFO2 400.0916004 MHz
F2 - Processing parameters
SI
SF 100.6027124 MHz
WDW EM
SSB 0
LB 1.00 Hz
GB 0
PC 1.40

I T T T T T T T T T T T T T T

T T T
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

13C NMR (CDCE, 100 MHz,5): 149.07 (ddJcr = 253 Hz2Jcr = 20 Hz), 138.86 (t,
343ce = 2.5 Hz), 96.10 (ddfJce = 15 Hz,*Jer = 9 Hz), 61.11, 38.98, 31.64, 31.08, 30.79,
29.40, 28.18, 25.93, 22.81, 22.57, 14.05, 13.92.
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F F Compound 4
SP241-30: Negishi Coupling, Post Column

T Sy

Cuzxent Data Parameters
SP241-30, NElehJRxn

EXPNO
PROCNO 1

F2 - Acquisition Parameters

Date_ 20100406
ime
INSTRUM
PROBHD 5 mm TXD 13C/3
PULPROG 2930
™ 32768
SOLVENT CDC13
NS 16
DS 2
swi 4237.288 Hz
FIDRES 0.129312 Bz
A9 3.8666739 sec
RG 1024
oW 118,000 usec
DE 168.57 usec
™= 293.0 K
HL1 1
D1 1.00000000 sec
p1 1.25 usec
SFO1 300.1319000 MHz
NUCLEUS 1H
F2 - Processing parameters
SI 16384
SP 300.1300069 MHz
WDW EM
SSB 0
LB 0.30 Hz
GB 0
BC 1.00
o LJ L J L _L u l
T T T T T T T T T T
8 7 6 5 4 3 2 1 0 Ppm

2.000
1.3970
1.539
2.038
0.904
16.204
6.213

'H NMR (CDCk, 300 MHz,8): 8.33 (dd 23y = 3.9 Hz,*Jun = 0.9 Hz, 2H), 7.55 (dd,
33un = 5.1 Hz,*3un = 1.2 Hz, 2H), 7.24 (m, 2H), 4.73 @un = 6.6 Hz, 2H), 2.86 (m,
1H), 1.26 (m, 16H), 0.89 (m, 6H).
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Br S S Br
FF FTAZ

Current Data Parameters

SP230-32: F1

uorinated Monomer, 8-4 Carbon Chain NAME $P230-32_FluorinatedMon
o o Mmoo N ™M ONONTONONOOAITD®O A AN NN EXPNO 2
0 wn M N o ™~ O N AT O NHOOD ™~ N PROCNO 1
[ =) AN ejite] NANANNAAODFFTOOOMOOMOMNND
.. e T S - D B T T - - R - Rt Bt R F2 - Acquisition Parameters
o~ [l el - < N NN NANNAAAAAAAAAAA A O Date 20100420
Time 2.38
INSTRUM spect
PROBHD 5 mm TXI 13C Z
PULPROG zg30
™ 32768
g2a3s R S83®  $manss © RS SOLUEE c€pe13
e - - R T e B §5 23 e > b B
NaNNaN © Rk s R P PR e
© e oo oo SWH 5341.880 Hz
FIDRES 0.163021 Hz
AQ 3.0672283 sec
RG 45.3
DW 93.600 usec
DE 6.00 usec
TE 294.7 K
D1 1.00000000 sec
TDO 1
======== CHANNEL fl ==s======
NUC1 1H
P1 10.50 usec
PLL 0.00 dB
SFO1 400.0923618 MHz
F2 - Processing parameters
ST 32768
SF 400.0900072 MHz
WDW EM
T T T T T T T T T T Sog 0
2.25 2.20 ppm  1.45  1.40  1.35  1.30 ppm 0.90 pPm = e
BC 1.00

I J L

T T T T T T T T T T T T T T T T T
80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 ppm

4 A e

'H NMR (CDCk, 400 MHz,8): 7.97 (d.23un = 4 Hz, 2H), 7.13 (®Jun =4 Hz, 2H), 4.68
(d, 3un = 6.4 Hz, 2H), 2.23 (m, 1H), 1.40 (m, 4H), 1.27, @@H), 0.91 (3344 = 7.2 Hz,
3H), 0.86 (tJun = 6.8 Hz, 3H).
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. . Current Data Parameters
SP230-32: Fluorinated Monomer, 8-4 Carbon Chain NAME SP230-32_FluorinatedMon
= oo oowm o T EXPNO - 1
SEEN 2 58 oo o o sarermorw o
e eaanaaan anenn 5 PR P A o= S PROCNO 1
© @y : 3 5 e : 8@ Aond :
228 2 ] S50 Hee % & Se i =
S5 jefifupapupata oHHa22s mER b S RRAANNAN 3 P2 - Acquisition Parameters
Date_ 20100418
Time 20.35
INSTRUM spect
PROBHD S mm TXI 13C Z
PULPROG 2gpg30
D 32768
SOLVENT CDCL3
NS 3611
DS 4
SWH 24038.461 Hz
FIDRES 0.733596 Hz
AQ 0.6816452 sec
RG 4096
DW 20.800 usec
DE 6.00 usec
TE 294.5 K
Dl 5.00000000 sec
dll 0.03000000 sec
DELTA 4.90000010 sec
TDO 1
======== CHANNEL fl ========
NUC1 13C
Pl 20.00 usec
PL1 .
SFO1 100.6137773 MHz
======== CHANNEL f2 ========
CPDPRG2 waltzlé
NUC2 1H
PCPD2 80.00 usec
PL2 0.00 dB
PL12 17.64 dB
PL13 23.00 dB
SFO2 400.0916004 MHz
F2 - Processing parameters
SI 65536
SF 100.6027132 MHz
WDW
SSB 0
LB 1.00 Hz
GB 0
PC 1.40
T T T T T T T T T T T T T T
150 140 130 120 110 100 90 80 70 60 50 40 30 ppm

13C NMR (CDCE, 100 MHz,5): 146.89 (ddJcr = 252 Hz2Jcr= 19 Hz), 137.01 (t,
34Jce = 4.2 Hz), 133.76, 130.26 (m), 130.19, 115.92 (t09.29 (dd3Jce = 9.5 Hz,*Jcr
= 4.4 Hz), 59.84, 39.10, 31.84, 31.41, 31.17, 298747, 26.20, 22.97, 22.66, 14.09.
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PBnDT-FTAZ

SP232-35: Fluorinated Triazole Polymer

Current Data Parameters

S — NAME SP232-35-F

> A S P b3 s S 23  Exeno 1

o~ N o @ o o n -0 PROCNO 1

G2 O = s (s2) Gl Gl el o F2 - Acquisition Parameters
Date_ 20100511
Time 23.05
INSTRUM spect
PROBHD 5 mm TXI 13C Z
PULPROG 2g30
TD 32768
SOLVENT -Sp2ers CIDI“‘“{
NS 64
DS 2
SWH 5341.880 Hz
FIDRES 0.163021 Hz
AQ 3.0672283 sec
RG 1024
DW 93.600 usec
DE 6.00 usec
TE 416.1 K
D1 1.00000000 sec
TDO 1
======== CHANNEL fl ========
NUC1 iH
Pl 10.50 usec
PL1 0.00 dB
SFO1 400.0923618 MHz
F2 - Processing parameters
SI 32768
SF 400.0897358 MHz
WDW
SSB 0
LB 0.25 Hz
GB 0
PC 1.00

MM k; ™ —
T T T T T T T T T T T T T T T
85 80 75 70 65 6.0 55 45 4.0 35 25 1.5 ppm

o T e

'H NMR @ 400K (GD,Cls, 400 MHz,5): 8.20, 7.26, 4.84, 3.07, 2.46, 1.51, 1.14, 1.05.
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Polymer Solutions

Figure A4.57. Polymer solutions, 0.75 mg/mL in dichlorobenzen8HP and low band gap copolymer
PBnDT-DTPyT included as a reference.

~_—————

P3HT PBnDT-HTAZ PBnDT-FTAZ PBnDT-DTPyT

Figure A4.58. Polymer solutions, 0.025 mg/mL in dichlorobenze®8HT and low band gap copolymer
PBnDT-DTPyT included as a reference.
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CV - LUMO & SCLC Measurement

0.050 -
0.025 - —~— PBnDT-FTAZ
— | = PBNDT-HTAZ
- 0.000 e
£ 00004 it
[
c
O 5025
| .
=
O
-0.050 -
-0.075 . . . . - ]
25 2.0 4.5 1.0

Potential (V)

Figure A4.59. Cyclic voltammetry curves for the reduction of ttveo polymers. LUMOs for PBnDT-
FTAZ and PBnDT-HTAZ are -3.05 eV, and -2.87 eV exgjvely.

80

- — -TAZonly

- - -FTAZ only
—— TAZ Blend
——FTAZ Blend

60 +

V. -V, -V (V)

appl

Figure A4.60.SCLC hole mobility measurements for each polymed, &2 polymer:PgBM blend.
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Figure A4.61.Energy dispersive spectroscopy confirms the eleah@oimposition of the photovoltaic cell.
No metal anode was evaporated on top. The smaljemaclockwise from the top are carbon, oxygen,
indium, sulfur, and silicon. White color represeathigh concentration of the atom. Indium measurgme

has a low signal to noise ratio, however, the hsglsencentration of indium is observed in the I'B@el.
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Device Film Thickness Measurements (via SEM)

s V_:,‘an'&
mag | HY [our | WD | HFW [dwell| ~——500nm—— |
60000x 1800 kV|14nA |53 mm 213 pm 10ps ||

Figure A4.62.400 nm PBnDT-FTAZ:PEBM 1:2. In order from top to bottom, active layBEDOT:PSS,
ITO, glass. ITO layer used as thickness refereh88r(m).

mag B[ HV Tour [ WD [ HFW [dwel
50 000 X 10.00 V|86 pAl41 mm |160pm 30ps| |

Figure A4.63.310 nm PBnDT-FTAZ:PgBM 1:2. In order from top to bottom, Aluminum/Calan,
active layer, PEDOT:PSS, ITO, glass. ITO layer usgthickness reference (150nm).
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mag B| HV cur | WD | HFW [dwell
60 000 x |10.00 kV|0.69 nA 4.3 mm 213 um|30ps | |

Figure A4.64. 250 nm PBnDT-FTAZ:PEBM 1:2. In order from top to bottom, Aluminum/Caian,
active layer, PEDOT:PSS, ITO, glass. ITO layer usethickness reference (150nm).

mag B | HY cur | WD | HFW | dwell
60 000 x[10.00 kV|0.69 nA|4.4 mm |23 ym|30ps [ |

Figure A4.65.160 nm PBnDT-FTAZ:PEBM 1:2. In order from top to bottom, Aluminum/Caian,
active layer, PEDOT:PSS, ITO, glass. ITO layer usgthickness reference (150nm).
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Appendix 5: Supporting Information for Chapter 5

NMR Spectra

SP199-90: Major Product, Post-Column

EXPNO
PROCNO

7.263
6.740
2.809
2.784
2.758
0.853
— 0.195
0.000
-0.011
— -0.199

_/_
1.246 O~

809
784

2.758
1.840
1.817
—1.791
1.765
T——1.374

_/_2
2
_—1.404

NUCLEUS

SF

T T T T T T
2.8 2.6 2.4 2.2 2.0 1

T T T T T
.8 1.6 1.4 1.2 l.OU
)

F2 - Acquisition Param
_ 2009
1

F2 - Processing paramet

T T T T T T T T T T T T T T T T

2.000
2.165
1.997

18.150

109

Current Data Parame
NAME

ters
SP199-90-MajorProdu

1
1

0618
.30

spect
5 mm TXD 13C/3
zg30

32768

cpe13

2

2

4237.288
0.129312
3.8666739
118.000

158

.57
293.0

1.00000000
.25
300.1319000
iy

300.1300053
=43

[
0.30
1.00

eters

Hz
sec

usec
usec
K

aB
sec
usec
Mz

ers

MHz



SP199-90: Major Product, Post Column Current Data Parameters
= NAME SP199-90_MOP
s b a8% EXENO 2
2 = e PROCNO 1
=1 5 NS
F2 - Acquisition Parameters
Date_ 2009061
Time 22.51
INSTRUM spect.
PROBHD 5 mm TXI 13C z
PULPROG 2gpg30
™ 32768
SOLVENT cDpC13
NS 1714
DS 4
SWH 24038.461 Hz
FIDRES 0.733596 Hz
AQ 0.6816452 sec
RG 32768
DW 20.800 usec
DE 6.00 usec
TE 294.2 X
D1 5.00000000 sec
d11 0.03000000 sec
DELTA 4.90000010 sec
TDO 1
= CHANNEL fl =m=======
NuCl 13C
Pl 20.00 usec
PL1 0.00
SFO1 100.6137773 MHz
NEL £2 =
waltz16
1H
80.00 usec
0.00 dB
17.64 dB
23.00 dB
400.0916004 MHz
F2 - Processing parameters
S1 6553
SF 100.6027152 MHz
WDW EM
SSB 0
LB 2.00 Hz
GB 0
PC 1.40
T T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm
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SP200-91: Imidazole Monomer Current Data Parameters
NAME SP200-91_Monomer1H
2 TN O NP OOWD EXPNO g
N O
o NOITNONOD®OOVUMNOOMOD EROCNO 1
. MOVYWWOUNEEYCANNN®®®DO
o~ R R R R T F2 - Acquisition Parameters
— MANNANNAAATAA—AOOOO Date 20090630
Time 23.30
INSTRUM spect
PROBHD 5 mm QNP 1H/1
PULPROG 2930
TD 32768
swno 0 e~ O @ @ o SOLVENT DMSO
338 38 IR 2382 I
©woe w ~ -0 NN~ ©® o NS 16
PN S R P oS 2
WH 6218.905 Hz
FIDRES 0.189786 Hz
Q 2.6345973 sec
RG 203.

80.400
6.00

usec
usec
K

300.0
1.00000000 sec
1

DW

DE

TE

D1

TDO

NUC1 1H
Pl

PL1

SFO1

F2 - Processing parameters
SI 32768
SF

WDW

SSB

LB

GB

PC 1.00

T T T T T T T T T T T oMsO
2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0 ppm
Ha_O
TMS
T T T T T T T T T T T T T T T
13 42 11 10 9 8 7 6 5 4 3 2 1 0 ppm
3 2 B8 [5 ;]s

111

CHANNEL f1

9.30 usec
-3.00 dB
399.8424924 MHz

399.8399991 MHz
EM

0
0.30 Hz
0



SP200-91: Imidazomle Monomer

.9

31.224
29.214
26.773

22.018

32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15

ppm

Hz
Hz
sec

usec
usec

=

sec
sec
sec

Current Data Parameters
N SP200-91_Monomer13C
EXPNO 1
PROCNO 1
F2 - Acquisition Parameters
Date_ 20090630
Time 23.42
INSTRUM spect
PROBHD 5 mm ONP 1H/1
PULPROG zgpg30
TD 32768
SOLVENT DMSO
NS 1152
DS 2
SWH 23980.814
FIDRES 0.731836
AQ 0.6832628
RG 1638
oW 20.850
DE 6.00
TE 300.0
Dl 7.50000000
d1ll 0.03000000
DELTA 7.40000010
TDO 1

CPDPRG2
NuC2

SFO2

F2 - Proc
SI

SF

WDW

SSB

T T T T
200 180 160 140

T T

T
120 100 80

112

60

s_

20

ppm

0.00
100.5499020
waltzl6

1H
90.00
-3.00

usec
dB

MHz

= CHANNEL f2 ww=s=xz==

usec

dB

16.72 dB

20.00 dB
399.8415994 MHz

essing para
3.

meters
2768

100.5398995 MHz
EM

0
1.00 Hz
[

1.40



Display Report
Analysis Info Cult Acquisition Date 71712009 5:29:19 PM
Analysis Name D:\XMASS\Sample_07072009\121-200-91 \ras
Method Linear N -H Operator BioTOF
Sample Name Instrument BioTOF- NT
Comment 1-200-91; Price/You )
in 1mL MeOH/ACT; dil 1:10 in MeOH B §
+ESI/BioToF w. i.s.
Acquisition Parameter
Capilary End Plate na Capilary Exit n/a ias nia
EndP na Collision energy nfa Number of Averages na
Intens.
x104]
[M+H]+ = 435.0105 - 0.3 ppm 516.7424 int. std.
516.7424
1Br isotope
1.5
437.0077
1.0
rar isotope
0.5
481.0518
l d l l 488.7504
0. 1N LAl 4
430 440 450 460 470 480 450 500 510 520
[ MS, 02,1, 5G)
Bruker Daltonics DataAnalysis 3.2 printed: 07/07/2009 05:37:18 PM Page 1 of 1
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