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CHAPTER 1

INTRODUCTION TO CONDUCTING POLYMERS

1.1. Dissertation overview

This dissertation is comprised of work perfornpeoarily by the authowhile in the Jeffries
EL research group from 2089015. The rain goal of the research is to desiggnthesizeand
characterizenew electron accepting constituents for organic photovo(talV) materialsby
analyzingthe structurgproperty relationships arising from such structural modificatiDesign
of the magrials is guided byhe results oprevious researcand fundametal physical organic
principles. The following overviews the composition of thasssertationand the role of each

contributor toward the project.

Chapter 1 introducesrganic semiconductorsyith an emphasis olrganic photovoltaic
materialsby exploiing the operation principles of a bulk heterjunct{@HJ) solar cell, from the
nanoscaléo macroscale leveChapter lconcludedy discussing the various elements to consider
when designing arorganic photovoltaicmaterial; concepts which are implemented in the

following chapters.

New transformations of trithioorthoesters are studied in Chapter 2. The initial motivation was
to develop a new route for synthesis of orthoesters, an importamh@ttiate obenzobisoxazole
(BBO) based compounds used in our group. We optimized this transformation and studied the
scope of reactivity by synthesizing various orthoesters. The reaction was then expanded by
synthesizing other heterocycles, demonstrattiegutility of this versatile reactiomhich can have

applications toward synthesis of other organic electronic building blddles concept for this



research was proposed by Dr. Jeffiidsand implemented by the author of this dissertadiong

with Janes Klimavicz

Chapter3 introduces the properties and synthesis of benzobisoxazoles as used for OPV
materials to preface the experimental attempts to synthesize -&@mmetric trans

benzobisoxazoles.

The goal ofChapter4 is to improve the electron acdapg ability of benzobisoxazoles in
conjugated polymers by altering the conjugation pathway and varying the substitution at the 2,6
position. Donoracceptordonor snall molecules are used as a platform to sttiay stucture
property effects ofthe 2,6subgitutions and then a polymer is synthesized with the

benzobisoxazole which resulted in the lowest bandgap of the small molecules

Having demonstrated in Chaptethat strategic addition aflectronwithdrawinggroups can
lower the bandgap of the materi@haptel5 continues that pursuit by focusing on substitution of
another heterocycle, isodindigo. A new synthesis dlatyloyl isoindigo is presented and the
stuctureproperty effects olN-alkyl vs.N-acyloyl isoindigosare comparedhen incorporatechio

a donoracceptor conjugated polymer.

Chapter6 studiesanelectrondeficientheterocycle, isatin, used for the first time herein for the
synthesis of a solution processable small molecule for organic photovoltaics. The structure is
modified by a Knoegnagel condensation with the goal of decreasing the bandgap. Both molecules
are characterized and their performance in the active layer of a bulk heterjunction solar cell is

evaluated.

This dissertation concludes with general remarks and ideas of fuasearch for

benzobisoxazoles and doracceptor small molecule®llowed by acknowledgements.



1.2.Intro duction to organic photovoltaics

Energy demand is expected to increase by 5604y}, yet the spply of traditional fossil
fuels is expected to be depleted within the next 120 §€Enss inverselyroportionalrelationship
of fossil fuel availability to global energy demand highlights thigent need for practical,
renewable sources of energy. The largest sourem@fgy in our solar system by far is the sun
itself andit has the potential to be harnessed in some capacity inamasbnmentsWhile the
greatest solar resource in the United States is located in the southwest, even the northern states
can, on averagereceive about 4 kWh/niday. Future energy models predict that solar will
become one of therominentrenewable energy sourcescounting forup to 14% of the global
supply by 2046 The development of cosfficient photovoltaic devicesvould help open more
markets for renewable energy amdrecent yearshe cost of sicon based solar panels has reached
a level of practical affordability for most consuntersut continuing development of organic

electronics holds the promise of obtaining the most economical dvices

Unlike inorganic semiconductors, semiconducting organic molecular or polymeric materials
offer the advantagéf not only cheaper overall cost, but easier fabrication via conventional
printing techniqués flexibility®, and a variety of synthetic techniques can be utilized to tune the
material for any desired application or propewjith these unique propges, @ganic electronics
could find niche applications such as integration into apparel, customer elex;teordooffgrid
power generatid, as well as hybrid organic/inorganiontlem solar cells. While the latest
certifiedorganic photovoltaidevice achieved a 12% efficiency in 264 3noreresearch progress
is needed to further advance the efficiencies of organophotovdiaiosnpete witlthe dropping

prices of traditional solar.



The photoconductivity properties of organic compouhdselong beenknown, beginning
with the small molecules and then conjugated polymeiseger, MacDiarmid, and Shirakawa
discovered i 977that doping of polyacetylene enhanced its photoconductiyity which they
received the Nobel Prize in 2000. Targorted the first bilayer organic heterojunctfesolar cell
by 1986 and the fielof organic photovoltaichas expanded ever siftéeThe combinations of
organic structures that can be utilitized for devices, ranging from the semiconducting backbone
units to solubilizing or functional sidgroups is seemingly infiniteandin an effort to increase
device performanceesearclstrategicallyfocuses on such structupeoperty relationships and the
underlying physics of the processes invohasdwell as impsved device engineering methods
With the increase in efficiency gained in the last few years, ongoing research can contribute to

even bewr device performances.

1.2.1. Origin of organic semiconductors
Before exploring the variety of structures used for organic electronics, we will discuss the
origin of their semiconducting properties in the context of conjugated polymers. Solution
processable congated small molecules are emerging as popular materials and cartamhof

the properties discussed below apply to them as well.

The property of enductivity determinesvhether a material is a metal 110 16 ( Y c1))
semiconductor (1to 10%°( Yna)l), or insulator(< 18°( Y ¢ H1Y. The semiconducting nature
of a material depends on itmndgap definedas the difference in the conduction and valence
bands, with the bands being the summation of the energy levels occupied (valence) and unoccupied
(conduction) by electrons. When there is no gap the material is a conductor and electrons can flow
freely, such asn metals(Figure 1.1) A smallgapgives the material semiconducting properties

such that electrons can be excitiedthe conduction bantdy electrical, chemical, or thermal



stimulation Larger bandgaps result in insulating matsrighich cannot conductharges under

normal operatingonditions.
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Figure 1.1. Band diagram of metallic, semiconducting and insulatingenss.
Thenatureof organic semiconductors is based on an increatiggeeof conjugdiont’ within
the molecule. When conjugation, the alternation of double and simylds, in an organic
molecule increases, the filled bonding and antibonding pi molecular orbitals of the structure builds
up to astatethat they resemble the valence and conduction bandsaditional inorganic
semiconductorsThe bandgaps the energyap between the highest occupied molecular orbital

(HOMO) and lowest unoccupied molecular orbital (LUMO).

One might imagine that as the degree of conjugation increases, the bandgap continuously
decreases to a point where it vanishes and the nmatbtans metallic properties;dwever this
does not occur. It is true thidie bandgaplecreasesp to a certaipoint at which the material has
reached its sealled effective conjugatidhand no further decrease can be obtained by extending
conjugation Due toP e i edistbrtios®, organic metals do not exisEor example, considéne

materialpolyacetylene which is comprised of alternating double and single bonds. At first glance,



it appears that a resonance form can be drawn by exchanging ttienpokthese bonds, and
therefore can be denoted weljual bond lengthsimilarly to that of a benzene rindrigurel.2).
In actuality, ithas been observed by NMR anera§ crystallographd’ that the alternating bonds

differ by approximately 0.082%, resulting in a bandgap of 150 eV?2
00— —0Q

n n n

Figure 1.2. Resonance forms of benzene and polyacetylene.
1.3. Bulk Heterojunction Solar Cells

1.3.1. Solar cell architecture
Conventional OPV architecture layers the components of the device as shiéi\garan1.3,
starting with an indium tin oxide (ITO) glass substrate as the anode, followed by a hole conducting
layer of poly(3,4ethylenedioxythiophene) polystyrene sulfon&®EDOT:PS$ The active layer
is a mixture ofelectrondonatingpolymer andelectron acceptingg,6]-phenytCs1-butyric acid
methyl ester PCBM), a soluble fullerene derivativevith good electron transport properfiés
Lastly, an electron transport layer followeddynetal anodare appliedThe polymer and PCBM

are analgous to the fiype and rtype materials of inorganic semiconductors, thetyoperate in



a different way. Their mode of conduction will be explained in the following section.
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Figure 1.3. Architecture of at©OPV device

The composition of the active layer a key component of device performance #nuas
evolved from original bilayer devic¥sinto the concept of bulk heterojunctioff with polymer
and fullereneblendedinto one layer bintermixed materials to form networks for conduction
(Figure 1.4). It is important to optimize the morphology of the polymer/PCBM mixture within 10
to 20nm to provide the pathways for conducttofhis can be controlled through the design of
the polymerstructure, by solvent vapSror thermal annealirfg or the addition of solvent

additives.
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Figure 1.4. Closeup of the active layer in autk heteojunction solar ceif

1.3.2. Charge transport

In short, charge transport in an OPV occurs by stepwise charge generation, exciton diffusion,
charge separation and transport to the electrodes, as illustrated in Efgufée conjugated
polymer is the actie material® which absorbs the solar phota8tep 1, Figure 1.5) to excite an
electron from the HOMO to the LUMO, leaving behind a hole in the HOMO Gteigure 1.5).
Because of the low dielectric constant of organic matétjalse resultinghole and electron are
weakly bound by Coulombic forces to form a neutral species called an exciton. The neutral exciton
is not influenced by external fiefs and thus can randomly travel down the chain via Forster
resonant energy transférThe exciton can travel a shoristince (Ste8, Figure 1.5), before

recombining or meeting with a material of a higher



D Y
B i, =
Photons =
BT
" HOMO \"
£ + +
() {-J |__Homo |
(5)
Donor Acceptor

Figure 1.5. Charge formationrad transport in a donacceptor material configuraticf.

electon affinity (usually PCBM$® onto which to donate the electf8(Step4, Figure 1.5) to form
a charge transfespeciesUpon dissociation of the exciton onto the donor and acceptor materials,

the hole and electron then each travel to their respective electrodeS ¢ Figure 1.5).

1.3.3. Deviceperformance characteristics
An OPV device is analyzed by measuring the current density (J) as the voltage (V) is varied,
resulting in what is called a\ curve. The working equation for calculating the power conversion
efficiency ( PC(quaton 1)$jepreséntecabine facioh of power generated
(Pout) versus power input (f, or the ratio of the variables of fill factor (FF), short circuit current

density (d) and open circuit voltage @y over Rh.

Foaq P &
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Figure 1.6. A J-V curve’’ and a circuit diagram of a solar c&ll.

The Voc is the maximum voltagebtainedunder open circuit conditions. This is an intrinsic
property of the active layer which is couited by the offset of the LUMO of the PCBM acceptor
and the HOMO of the polymer dorfdrThe Jcis the current per area under no applied Hias.
depends on many factors such as charge generation, recombination, and¥h&etitymbination
can occur by decay of the charge transfer species (geminate recombthatiotile charge

separated species (bimoleculazambinationj?.

Another variable is the fill factowhich is the fraction of the graph extending from the axes to
the point of \4c at maximum power (FF EnVm)/(kNo))*>. Thi s represents the |
the 3V curve, ands influenced by a multitude of factdfghat contribute to the overall shape of
the curve A summaryof these features has been published by Qi & Wafige slope of theurve
near the Yaxis represents the inverse of the shunt resistangepfRhe device. This resistance
occurs from leakage currerggher at the edge of the cell material defects and impuritieRsh
cansometimede improved after annealing, whichd strategy for generating higher ordered films

and improving interlayer contatsThe effect of annealingndaddition ofbuffer layeré® upon
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Rsh highlights the need fopptimization of morphology not only between the donor and acceptor
of the active layer, but also at layer interfacBise slope of the line crossing near theaXs
represents the inverse of the series resistangedii® to the bulkesistance of the active layer of

the device, as well as that of the electrodes and every material interface of th& deciesasing

the mobility of charge carriers, to a pdfiytan improve the &and therefore the FF. Charge carrier
balance is an important factor in performan&e.imbalance of holeand electrons in the active
layer will cause the formation of external fields and increased recombination, leading to a low FF,

or evena characteristic-Shaped W curve®.

1.4. Material design corsiderations

Some basic design principles have been developedde the selection of compounds for
organic electronics tdeterminewhat type of device the material is best suited for, such as solar
cells?, light emitting diode¥, or transistor¥. Additional structural modifications can tune the
materials electronic prapties to improve perfromancehe fdlowing looks at whatechniques
can lead to effective organic semiconducting mateftal©PV applicationsFigure 1.7

graphically summarizes the main aspects which influence the bandgap of the material, including

) 5
Substitution: Egye gll]?ﬁgm_dona fing @ ' @
Bond length Alternation: Ej,, / S.\‘
Aromaticity @ > ﬁ_ Vi

5]
Delocalization @ < @
Planarity O ‘ (’ IE.I_‘_\}"@

S i

Aromaticity: Eges

Planarity: E,

Figure 1.7. lllustration of structural factors that coifite to determination of the bandgap?
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bond length alternation or quinoid formaddition of side groups, degreef planarity, and
aromaticity.These topics will be discussed further in the following sections.

1.4.1. Conjugationand aomaticity

The first requirement of synthesizing organic electrosiestablishingxtended conjugation.
This can be achieved by linkingasnatic units together directly or between vinylene or alkynyl
spacersThesearomatic structureBave ground state nondegenerate resonance forms, known as
quinoid forms’, in whichthe double and single bonds are alternaf&e. units should be bonded
together in such a way th#tere is a greater contribution of the quinoid resonance structure
becauselte decrease of aromattgiin the quinoid fornresults ina higher energy state which can

be an effective a strategy ltmver the bandgap.

Aromatic form quinoid form
Ao Qe
A\ /N 7/ \ 4
Eg=3.2eV
: 3
/W \\ 3
L R T VY o O o
O/ (S, i (J 3
\ = ~/ /4 J =3 «::
N\ =
Eg=25eV E.
o.
Q.
0o Q >~
Nl 3y P (J 1 5 =3
S ‘l_"’ S b g
S
Eg=20eV
ANNA 3 .
N - R =
= Na” \—\/\. & — - 2y -
= = Y
/ \ = \
\ / Eg=1.0eV -

Figure 1.8. Greater contributions from thguinoid form lead to a lower bandgp.
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1.4.2. Planarity

To obtain orbital overlap and extend the effective conjugation of thecaielat is necessary
to design planar materiafer photovoltaic purposesBy considering the dihedral bond angles
formed between units, torsional strain within the molecule can be avoided by placing
complementary units next to each other. For examgidghenyl system will have more torsional
strain than bithiophen@eeFigure 17). Placement of side groups mastobe properly arranged,
such that steric hindrance of neighboring alkyl chains does not lealisitmption in planarity and
decreased performartéeAnother strategy for obtaining planar materialifuse the rings into
one rigid unit, whether it is a polycyclic aromatic unit such as fluorene -calted ladder

structures with fully fused unfts
1.4.3. Solubility and morphology

While utilizing many aromatic units can extend the conjugation to improve conductivity, an
undesired side effect of this ihat a large degree ofgtiacking® can occur which will render the
material insoluble in commoorganic solventand limit processabilityThe solutiorto this is to
place solubliing groups along the molecule flgrent groups such as amphiphificconjugate®?f,
or hydrogen bondirfg can solubilize andproduce specialized propertiésbut typically alkl
chains are affixed to the material to control solubilityerdigitation of the alkyl chains changes
the dspacim of the polymer and can direct sasembl$? to produce higher order structures,
such as lamellar formations as shawfigure 1.9 for poly-3-hexylthiophen€P3HT). The length
and degree of branching thfe alkyl chains can be varied to obtain a balance between solubility
morphology, andemiconducting performance. Often a stephe optimization of the material is

the synthesiand evaluabn of manychain variations
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Figure 1.9. Lamellar formation of P3HT*

1.4.4. Optoelectronigroperties

In addition to a conjgated and soluble materialnitust also possess the proper optoelectronic
propertiesto function in a photovoltaic devic&or many years, polg-hexylthiophengP3HT)
was the most popular conjugated polymer because of its facile synthesiBentsolubility and
processabilityas well as goodrystallinity and charge transport properties. However, its relatively
high-lying HOMO rendered it soewhat oxidatively unstable and its bandgap of aba¥ 2vas
too large to capture the long wavelength portion of the visible spectrum. Despite extensive studies

and engineering, devices thereof could only achieve efficiencies of about 4%o 5%
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Figure 1.10. The solar spectruth

An ideal polymer should efficiently absorlvisible radiation of the solar spectrynwhich
mainlyoccurs within thevisible range of 50000nm. Obtainingcomplementargbsorption across
this regionis controlled by tuning he bandgap of the mater.iAal due

bandgap of B to 17 eV is desire?, which is measured from the onset of absorption of the

material in the solid state.

The polymer must also lmxidatively stableand to engre this a HOMO lower thatb.2 eV
is necessg®’. While decreasinthe HOMO will stabilize the material and increase tlg §oing
too low will alsowiden the bandgafRositioning the LUMO at least 0e3/%8 above that of PCBM

is desirable dr efficientelectron transféP 8° to overcom the Coulombic binding energy of the
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excitonf® When consi der i nginamhQPV deviak evith|IPGBMbas thedagcapbor

componenta range of HOMO/LUMO values are therefore set as shoWwigure 1.11.

3.3 — -3
3.9 =~
===t 42 4 @_,
. E3
..} L - p -
32 54 2
I‘.‘[]T L3 ¥ W] m
3 60 | ¢
“Ideal™

Polymer PCBM

Figure 1.11. lllustration of energy levels of P3HT, an "ideal" polyna@d PCBM!

The next generation of conjugated materaiter P3HTfocused on reducing the bandgap
further increase device efficiencebo tune the bandgap)eetronrich and electromeficient
monomers areapolymerizdto formwhat is known as donoracceptor copolymét. The donor
and acceptor comonomers must b®sen according the factors already overviewed such as
planarity, solubility, and quinoid fornandalsoby the electrordonating/withdrawingtrength of
each aromatic unit. As shown Figure 1.12, the donor maté&l has a higher HOMO/LUMO
relative to the acceptor unit. When polymerized, the combination of atomic orbitals produces new
energy levels with an overall narrower bandgawherein the LUMO is dictated by the acceptor
and the HOMO by the donor monom@ihis enables finguning of the bandgap by selective
combinations of various comonomers. Stronger acceptors will lower the L@N®DIlikewise,
strong donors can raise the HOW&hile combining strong to medium acceptors with weak to

medium donors can achieve the proper banttlgdp’3. Research has focused on developing new
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donor and acceptor units and exploring the properties resulting fromahgcombinations of

monomers.

Figure 1.12. Thebandgap of the polymer is tuned by the combination ofitm®r and acceptor
components?

1.4.5. Donor and acceptor omomers used in organic electronics

Much of the discussion has emphasized the importance of proper monomer selection to tune
the optoelectronic propertieBonor monomers, some of which are showifrigure 1.13, often
containelectronrich heteroatoms, such as sulfur, oxygen, ariehgpridized nitrogen. Thiophene
based structures are popular donors because thiophene is a stronger electron donor than benzene,
while being less aromatic which céower the bandga). In addition, thiophene has a smaller
bond angle to reduce torsional strain with neighboring unitsofesinthe relative strength of each
component is important, and using a very strong donor can raise the HOMO too much at the

expense of oxidative stabiltfor | owering the de®iceds open cir
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Figure 1.13. Represergtivedonors used in OP\AS,

The strength of an acceptehownin Figure 1.14, canbe evaluated byomparingits ability
to lower the LUMO of the polymer whegach is polymerized with common donoiWeak donors
such as thiazolothiazole and benzobisthiazole congdéctronrich sulfur atoms, as does
thienopyrroledione, yeahe latterfunctions as a medium strength donor because the imide atop the
molecule promotes the quinoid forihis common to use-hybridizednitrogens throughout the
array of acceptors, and lactams increase the strength of isoindigo and diketopyrrolopyrrdle as wel
as provide a site for alkylatio®theraryl or N- substituents such as acyl, trifluoromethyl, and

fluorine can further contribute to the strength of the acceptor
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Figure 1.14. Representativacceptors used in OPVS.

1.5.Conclusion
In conclusion, knowledge of the operating principles of a bulk heterojunction organic solar cell
along with basic strategies of how to tune the bandgap of caeigoolymers allows for the

development of new materials for photovoltaic purposes. Some of the known monomers illustrated
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in Section 1.4.5 are combined with newly developed units in the following chapters with the goal

of creating narrow bandgap matesial

1.6. References

1. International Energy Outlook 2013. Administration, U. S. E. I., Ed. Washington, D.C.,
2013.

2. (a) BPBP Statistical Review of World Energy June 2B: 2015; (b) Shafiee, S.;
Topal, E., When will fossil fuel reservee diminishedEnergy Policy2009,37 (1), 181189.

3. Roberts, B., Photovoltaic Solar Resource of the United States. NREL: 2013.
4. L.P., B.New Energy Outlook 2012015.

5. Cardwell, D., Solar and Wind Energy Start to Win on Price vs. Conventional. Fbel
New York Time2014.

6. Mulligan, C. J.; Wilson, M.; Bryant, G.; Vaughan, B.; Zhou, X.; Belcher, W. J.; Dastoor,
P. C., A projection of commerciakale organic photovoltaic module co8slar Energy
Materials and Solar Cell2014,120, Part A(0), 9-17.

7. (a) Gaudiana, R.; Brabec, C., Organic materials: Fantastic pMati€hotor2008,2
(5), 28%289; (b) Forrest, S. R., The path to ubiquitous anddost organic electronic
appliances on plastitlature2004,428(6986), 911918.

8. (a) KrebsF. C., Fabrication and processing of polymer solar cells: A review of printing
and coating techniqueSolar Energy Materials and Solar Ce2609,93 (4), 394412; (b)

Kopola, P.; Aernouts, T.; Sliz, R.; Guillerez, S.; Ylikunnari, M.; Cheyns, D.; Valinhak
Tuomikoski, M.; Hast, J.; Jabbour, G.; Myllyla, R.; Maaninen, A., Gravure printed flexible
organic photovoltaic moduleSolar Energy Materials and Solar Ce2§11,95(5), 13441347,
(c) Hoth, C. N.; Schilinsky, P.; Choulis, S. A.; Brabec, CPdinting Highly Efficient Organic
Solar CellsNano Letter2008,8 (9), 28062813; (d) Aernouts, T.; Aleksandrov, T.; Girotto, C.;
Genoe, J.; Poortmans, J., Polymer based organic solar cells usjagpnkted active layers.
Applied Physics Letter2008, 92 (3), 033306; (e) Brabec, C. J.; Hauch, J. A.; Schilinsky, P.;
Waldauf, C., Production Aspects of Organic Photovoltaics and Their Impact on the
Commercialization of Device®dRS Bulletin005,30 (01), 5052.

9. (a) Kaltenbrunner, M. ; White, M. S. ; Ggowa
Sariciftci, N. S.; Bauer, S., Ultrathin and lightweight organic solar cells with high flexibay.
Commur2012,3, 770; (b) Kylberg, W.; de Castro, F. A.; ChabrecekSenderegger, U.; Chu,

B. T-T.; Nuesch, F.; Hany, R., Woven Electrodes for Flexible Organic Photovoltaic Cells.

Advanced Material2011,23(8), 10151019.



21

10.  Zervos, H. D., Raghu; Ghaffarzadeh, Kha€hganic Photo voltaics (OPV) 201323
TechnologiesMarkets, PlayersiIDTechEx: 2013.

11. (a) Darling, S. B.; You, F., The case for organic photovolt&&C Advance2013,3
(39), 1763317648; (b) Yan, J.; Saunders, B. R., Thgeheration solar cells: a review and
comparison of polymer:fullerene, hybnpolymer and perovskite solar celRSC Advances
2014,4 (82), 4328643314.

12.  Osborn, M., Verified: Heliatek organic solar cell achieves 12% efficidP¢i{f.ech2013.

13.  Shirakawa, H.; Louis, E. J.; MacDiarmid, A. G.; Chiang, C. K.; Heeger, A. J.h&siat
of electrically conducting organic polymers: halogen derivatives of polyacetylene,(CH) x.
Journal of the Chemical Society, Chemical Communicati®?g, (16), 578580.

14. Tang, C. W., Twdayer organic photovoltaic celApplied Physics Letterk986,48 (2),
183185.

15. Spanggaard, H.; Krebs, F. C., A brief history of the development of organic and
polymeric photovoltaicsSolar Energy Materials and Solar Ce904,83(2), 125146.

16.  Seeger, K.Semiconductor Physics: An Introductidned.; Springe¥erlag: Berlin,
2013.

17. IUPAC, Compendium of Chemical Terminolo@yed.; Blackwell Scientific Publications:
Oxford, 1997.

18. Klaerner, G.; Miller, R., Polyfluorene derivatives: effgeticonjugation lengths from
well-defined oligomersMacromolecule4998,31 (6), 2007#2009.

19. Peierls, R. E.Quantum theory of solid©xford University Press: 1955.

20.  Fincher Jr, C.; Chen, €&.; Heeger, A.; MacDiarmid, A.; Hastings, J., Structural
determination of the symmettyreaking parameter in trai(€H) x. Physical Review Letters
1982,48(2), 100.

21. Yannoni, C.; Clarke, T., Molecular geometry of-aizd trangpolyacetylene by nutation
NMR spectroscopyPhysical Review Lette983,51 (13),1191.

22.  LonguetHiggins, H.; Salem, L. IThe alternation of bond lengths in long conjugated
chain moleculesProceedings of the Royal Society of London A: Mathematical, Physical and
Engineering Sciences, The Royal Society: 1959; pp1B&2

23.  Sariciftci, N., Photoinduced electron transfer from a conducting polymer to
buckminsterfullerenesciencel 992,258 (5087), 1474.



22

24.  (a) Hoppe, H.; Sariciftci, N. S., Morphology of polymer/fullerene bulk heterojunction
solar cellsJournal of Materials Chemistr006,16 (1), 4561; (b) Chen, D.; Nakahara, A.; Wei,
D.; Nordlund, D.; Russell, T. P., P3HT/PCBM bulk heterojunction organic photovoltaics:
correlating efficiency and morphologyano Letter2010,11 (2), 561567.

25. Rim, S:B.; Fink, R. F.; Schoneboord, C.; Erk, P.; Peumans, P., Effect of molecular
packing on the exciton diffusion length in organic solar cAliglied Physics Letteiz007,91
(17), 173504.

26. Li, G.;Yao, Y.; Yang, H.; Shrotriya, V.; Yang, G.; Yang, Y., " Solvent annealing" effect
in polymer solar cells based on polyh@xylthiophene) and methanofulleren&dvanced
Functional Materials2007,17 (10), 1636.

27. (&) Al-lbrahim, M.; Ambacher, O.; Sensfuss, S.; Gobsch, G., Effects of solvent and
annealing on the improved performancesolfar cells based on poly-{&xylthiophene):
fullerene.Applied Physics Lettef®005,86 (20), 201120; (b) Ayzner, A. L.; Wanger, D. D.;
Tassone, C. J.; Tolbert, S. H.; Schwartz, B. J., Room to improve conjugated pbbgedrsolar
cells: understandingow thermal annealing affects the fullerene component of a bulk
heterojunction photovoltaic devicéhe Journal of Physical Chemistry2D08,112(48), 18711
18716.

28. (a) Lee, J. K.; Ma, W. L.; Brabec, C. J.; Yuen, J.; Moon, J. S.; Kim, J. Y.; LeegKarB

G. C.; Heeger, A. J., Processing Additives for Improved Efficiency from Bulk Heterojunction
Solar CellsJ Am Chem Sa2008,130(11), 36193623; (b) Peet, J.; Kim, J. Y.; Coates, N. E.;
Ma, W. L.; Moses, D.; Heeger, A. J.; Bazan, G. C., Efficiemdtya@cement in lovbandgap
polymer solar cells by processing with alkane dithiNisture material2007,6 (7), 49%500; (c)
Hoven, C. V.; Dang, X. D.; Coffin, R. C.; Peet, J.; Nguyen, T. Q.; Bazan, G. C., Improved
performance of polymer bulk heterojunctisolar cells through the reduction of phase separation
via solvent additivesAdvanced Material2010,22 (8), E63EG6.

29. MARK T. GREINER, L. C., and ZHEN&IONG LU ORGANIC PHOTOVOLTAICS:
Transition metal oxides increase organic soklt power conversin.
http://www.laserfocusworld.com/articles/print/volumB8/issue06/features/transitiometd-
oxidesincreaseorganicsolarcell-powerconversion.htm{accessed July 27, 2015).

30. Hwang, I:W.; Moses, D.; Heeger, A. J., Photoinduced carrier generation in P3HT/PCBM
bulk heterojunction material$he Journal of Physical Chemistry2008,112(11), 43504354.

31. Blom, P. W. M.; Mihailetchi, V. D.; Koster, L. J. A.; Markov, D. E., Device Physics of
Polymer:Fullerene Bulk Heterojunction Solar Cefslvanced Material2007,19(12), 1551
1566.

32. Brédas, JL.; Norton, J. E.; Cornil, J.; Coropceant, Molecular Understanding of
Organic Solar Cells: The Challengéscounts of Chemical Resear2009,42 (11), 16911699.


http://www.laserfocusworld.com/articles/print/volume-48/issue-06/features/transition-metal-oxides-increase-organic-solar-cell-power-conversion.html
http://www.laserfocusworld.com/articles/print/volume-48/issue-06/features/transition-metal-oxides-increase-organic-solar-cell-power-conversion.html

23

33. Forster, T., 10th Spiers Memorial Lecture. Transfer mechanisms of electronic excitation.

Discussions of the Faraday Socié§69, 27 (0), 7-17.

34. Li, Y.; Guo, Q.; Li, Z.; Pei, J.; Tian, W., Solution processablé Bmall molecules for
bulk-heterojunction solar cell&nergy & Environmental Scien@©10,3 (10), 14271436.

35. (&) Hummelen, J. C.; Knight, B. W.; LePeq, F.; Wid|,Yao, J.; Wilkins, C. L.,
Preparation and Characterization of Fulleroid and Methanofullerene Derivathessournal of
Organic Chemistry1995,60 (3), 532538; (b) Cheung, D. L.; Troisi, A., Theoretical Study of the
Organic Photovoltaic Electron Age®r PCBM: Morphology, Electronic Structure, and Charge
Loc al i The dournahofAPRhysical Chemistry2D10,114(48), 2047920488.

36. (a) DO6Avino, G.; Mot hy, S.; Mucciolii, L.

D.; Castet, F., Energetics Bfectrori Hole Separation at P3HT/PCBM Heterojunctiohise
Journal of Physical Chemistry £013,117(25), 1298112990; (b) Arkhipov, V.; Emelianova,
E.; Bassler, H., Hot exciton dissociation in a conjugated polyRtsssical review letteré999,
82(6),1321.

37. Cheng, Y-J.; Yang, SH.; Hsu, C:S., Synthesis of Conjugated Polymers for Organic
Solar Cell ApplicationsChem Re2009,109(11), 58685923.

38.  contributors, W. Theory of solar cells
https://en.wikipedia.org/w/index.php?title=Theory_of sotalls&oldid=674835217

Primary contributors: Revision history statistics (accessed 23 August 2015 21:06 UTC).

39.  Scharber, M. C.; Miuhlbacher, D.; Koppe, M.; Denk, P.; Waldauf, C.; Heeger, A. J.;
Brabec, C. J., Design Rules for Donors in BH&terojunctio Solar Cell8 Towar ds 10
EnergyConversion EfficiencyAdvanced Material2006,18 (6), 789794.

40. Janssen, R. A.; Nelson, J., Factors limiting device efficiency in organic photovoltaics.
Advanced Material2013,25 (13), 18471858.

41. De, S.; Paschefl.; Maiti, M.; Jespersen, K. G.; Kesti, T.; Zhang, F.; Inganas, O.;
Yartsev, A.; Sundstrom, V., Geminate charge recombination in alternating polyfluorene
copolymer/fullerene blenddournal of the American Chemical Socig07,129(27), 8466
8472.

42. Koster, L. J. A.; Mihailetchi, V. D.; Blom, P. W. M., Bimolecular recombination in
polymer/fullerene bulk heterojunction solar ceAgplied Physics Lettei2006,88 (5), 052104.

43. Qi, B.; Wang, J., Fill factor in organic solar ceysical Chemistrhemical Physics
2013,15(23), 89728982.

44.  Kim, M.-S.; Kim, B:-G.; Kim, J., Effective Variables To Control the Fill Factor of
Organic Photovoltaic Cell&ACS Applied Materials & Interface¥)09,1 (6), 12641269.

%



24

45.  Gupta, D.; Mukhopadhyay, S.; Nagey K. S., Fill factor in organic solar celolar
Energy Materials and Solar Cel)10,94 (8), 13091313.

46. Hung, L.; Tang, C.; Mason, M., Enhanced electron injection in organic
electroluminescence devices using an Al/LiF electrdgglied Physicsetters1997,70 (2),
152-154.

47. (a) Xue, J.; Uchida, S.; Rand, B. P.; Forrest, S. R., 4.2% efficient organic photovoltaic
cells with low series resistancégplied Physics Lettei2004,84, 3013; (b) Ishii, H.; Sugiyama,
K.; Ito, E.; Seki, K., Energyelvel alignment and interfacial electronic structures at organic/metal
and organic/organic interfacesdvanced Material§999,11 (8), 605625.

48. Servaites, J. D.; Yeganeh, S.; Marks, T. J.; Ratner, M. A., Efficiency enhancement in
organic photovoltaicells: consequences of optimizing series resistahdeanced Functional
Materials2010,20 (1), 97.

49. Tress, W.; Petrich, A.; Hummert, M.; Hein, M.; Leo, K.; Riede, M., Imbalanced
mobilities causing Shaped IV curves in planar heterojunction organiarstells.Applied
Physics Letter2011,98(6), 063301.

50. Nunzi, J-M., Organic photovoltaic materials and devid@emptes Rendus Physique
2002,3 (4), 523542.

51. Millen, K.; Scherf, U.Organic light emitting devices: synthesis, properties and
applications John Wiley & Sons: 2006.

52. Katz, H. E., Recent advances in semiconductor performance and printing processes for
organic transistebased electronic€hemistry of Material2004,16 (23), 47484756.

53. Roncali, J., Molecular Engineering of tha B d G aQonjugédted Systems: Facing
Technological ApplicationgMlacromolecular Rapid Communicatiog807,28 (17), 17611775.

54. Zhang, Z:G.; Wang, J., Structures and properties of conjugated Bacceptor
copolymers for solar cell applicationkunal of Materials Chemistr012,22 (10), 41784187.

55. Brédas, J. L., Relationship between band gap and bond length alternation in organic
conjugated polymergournal of Chemical Physid985,82 (8), 3808.

56. Kim, Y.; Cook, S.; Tuladhar, S. M.; Chasll S. A.; Nelson, J.; Durrant, J. R.; Bradley, D.
D. C.,; Giles, M.; McCulloch, I.; Ha, €S.; Ree, M., A strong regioregularity effect in self
organizing conjugated polymer films and higfficiency polythiophene:fullerene solar celat
Mater 2006,5 (3), 197203.

57. (@) Hertel, D.; Scherf, U.; Bassler, H., Charge Carrier Mobility in a Lafiigipe
Conjugated PolymeAdvanced Material4998,10(14), 11191122; (b) Babel, A.; Jenekhe, S.



25

A., High electron mobility in ladder polymer fiekffect transitors.Journal of the American
Chemical Societ2003,125(45), 136567.

58. Amrutha, S. R.; Jayakannan, M., Probing thetpcking induced molecular aggregation
in pi-conjugated polymers, oligomers, and their blendsgfignylenevinylened.he journal of
physical chemistry. B008,112(4), 111929.

59. Bjgrnholm, T.; Greve, D. R.; Reitzel, N.; Hassenkam, T.; Kjaer, K.; Howes, P. B.;
Larsen, N. B.; Bggelund, J.; Jayaraman, M.; Ewbank, P. C-aSs#mbly of regioregular,
amphiphilic polythiophenesintahg h | y estacked canjdgatéd polymer thin films and
nanocircuitsJournal of the American Chemical Soci&898,120(30), 76437644.

60. Hou, J.; Tan, Z. a.; Yan, Y.; He, Y.; Yang, C.; Li, Y., Synthesis and photovoltaic
properties of twadimensionaktonjugated polythiophenes with bi (thienylenevinylene) side
chains.Journal of the American Chemical Socig06,128(14), 49114916.

61. Moroni, M.; Le Moigne, J.; Pham, T.; Bigot;¥., Rigid rod conjugated polymers for
nonlinear optics. 3. Intramatalar H bond effects on poly (phenyleneethynylene) chains.
Macromoleculed997,30(7), 19641972.

62. (a) Gaylord, B. S.; Wang, S.; Heeger, A. J.; Bazan, G. C., V§ateble conjugated
oligomers: Effect of chain length and aggregation on photoluminescgrenching efficiencies.
Journal of the American Chemical Soci2801,123(26), 64176418; (b) McQuade, D. T.;
Pullen, A. E.; Swager, T. M., Conjugated polyrased chemical senso@hemical reviews
2000,100(7), 253%2574.

63. Garnier, F.; Yassar, AHajlaoui, R.; Horowitz, G.; Deloffre, F.; Servet, B.; Ries, S.;
Alnot, P., Molecular engineering of organic semiconductors: design edissinmbly properties
in conjugated thiophene oligomed®urnal of the American Chemical Soci#883,115(19),
8716-8721.

64. Geraldine, L. C. P.; Mochlo, H.; Michael, S. S., Anomalous thicknetespendence of
photocurrent explained for stabé-the-art planar nanteterojunction organic solar cells.
Nanotechnology012,23(9), 095402.

65. Dang, M. T.; Hirsch, L.; Ventz, G., P3HT:PCBM, Best Seller in Polymer Photovoltaic
ResearchAdvanced Material2011,23 (31), 35973602.

66.  Solar Simulator Characterisation (20800nm) http://www.bentham.co.uk/solsim.htm

67. de Leeuw, D., Stability of4ype doped conducting polymers and consequences for
polymeric microelectronic deviceSynthetic metal$997,87 (1), 53.

68. Bredas, J. L.; Beljonne, D.; Coropceanu, V.; Cornil, J., Chtaegesfer and energy
transfer processdan piconjugated oligomers and polymers: a molecular picCinem Rev
2004,104(11), 49715004.


http://www.bentham.co.uk/solsim.htm

26

69. Manceau, M.; Bundgaard, E.; Carlé, J. E.; Hagemann, O.; Helgesen, M.; Sgndergaard,
R.; Jgrgensen, M.; Krebs,. C. , Phot oc h-eomugatedlpolymersafdr polyinear y o f
solar cells: a rule of thumBournal of Materials Chemistr011,21 (12), 41324141.

70.  Knupfer, M., Exciton binding energies in organic semiconduckgupl Phys A2003,77
(5), 623626.

71. Zhou, H.; Yang, L.; Stoneking, S.; You, W.
Design Ideal Polymers for Organic Solar Cel&S Applied Materials & InterfaceX10,2 (5),
13771383.

72. (a) Havinga, E. E.; ten Hoeve, W.; Wynberg, H., Alsgendonoracceptor smalband

gap semiconducting polymers; Polysquaraines and polycrocon8yrgbetic metal$993,55

(1), 299306; (b) van Mullekom, H. A. M.; Vekemans, J. A. J. M.; Havinga, E. E.; Meijer, E. W.,
Developments in the chemistry and bayagh engineering of doricaicceptor substituted
conjugated polymerdJaterials Science and Engineering: R: Rep@@91,32 (1), 1-40.

73. (a) Tsuji, M.; Saeki, A.; Koizumi, Y.; Matsuyama, N.; Vijayakumar, C.; Seki, S.,
Benzobisthiazole as weak donor for imyed photovoltaic performance: microwave
conductivity technique assisted molecular engineeAndganced Functional Materia2014,24

(1), 2836; (b) Bundgaard, E.; Krebs, F. C., Low band gap polymers for organic photovoltaics.
Solar Energy Materials an8olar Cells2007,91 (11), 954985.



27

CHAPTER 2

SYNTHESIS OF ORTHOESTERS AND HETEROCYCLES FROM

TRITHIOORTHOESTERS
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Figure 2.15. Transformations of 1;8ithianes.

2.1.Introduction

Orthoesters are ambscure yet versatile functional group in organic chemistry. They serve
many roles, as either a protecting group for esters and carboxyli¢ acitisugars a reactive
intermediate for synthesis of heterocyélesnd are present in natural prodddSigure 2.2).
However, few methods are available to synthesize orthoesters, as shown in Scheme thieflhe P

synthesis (A) is a common method which under acidic conditions transforms a nitrile into an



28

iminoester hydrochloride salt and then the orthoester. A long reaction time is typical gieddihe

can be low. The Tschitschibabin orthoester synthe¢l involves formation of a

(@]
w 2 w tBu,
1 - . _ H
R’ oR? 8 "y S-8 - ,NHFmoc
S o]
\—STO

BnO "/ OO0
r?_%nO -0 \ k\
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Trigocherrierin A
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CeH1s H,N OH (070 CeH1s CeH1s
pyridine N (0]

Figure 2.16. Orthoestersri organic chemistry.

Grignardreagent which is reacted with tetraethyl orthocarbonate, as demonstrated below with the
formation of a thienyl orthoest®r The limitation of this reaction is that functional groups tolerant

of Grignard reagents must be used. Chlorination dhgliexalate with PGlfollowed by attack

of ethanol yields an ester orthoe$(@). Bicyclic orthoestefs(D) are novel structures formed by
acid-catalyzed rearrangements and this group offers the advantage of being a more robust
protecting group than acyclic orthoesters. Thetlastreactions presented in Scheme 2.1 illustrate
the transformation of trithioorthoesters into orthoesters. They differ in both the synthesis of the
trithioorthoester and conditions to synthesize the orthoester. The formation of the trithioorthoester
in (E) with KDA and MeSSMe is unique to the acidic nature of the methy group of piccoline, while
the AICk catalyzed substitution (F) with an acid chloride could provide a more general method.
The piccoline orthoester is then synthesized using more traditiaralric reageniscommonly

used to deprotect 1-@thianes. A variation is to use AgNOnder bag conditions so as to protect

the orthoester from acicatalyzed decomposition to an ester, as shovdtireme 2.
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Scheme 21. Methods of synthesizingthoesters.
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Scheme 2. Mechanism of aciktatalyzed decomposition of orthoesters to esters.
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Our research required the synthesis of novel orthoesters and we found the methods of
trithioorthoesterso be appealing due to the mild conditions and functional group tolerance, but
difficult to implement the trithioorthoesters due to the limited scope of the method based on
picoline or the foul reaction conditions with ethanethiol. In searching for amatites synthesis
of the trithioorthoesters, we noted that the common carbonyl protecting grougithlaBe,
already possessed two of the needed sulfur substituents and the third sulfur group could be installed
by metallation of the reactive@sition bllowed by the electrophile dimethyl disulfide (Scheme
2.3). Indeed, Ellisoet af® had previously studied this moiety and used the mercuric conditions
with 95% ¢hanol to synthesize esters, which mostly likely formed through an orthoester

intermediate that was not isolated.

1) nBuLi
S 2) MeSSMe R__S

0 -

Scheme 3. Synthesis of trithioorthoester.

R

Drawing upon these advances we souglttevelop a general methodology for the dithiane to
orthoester conversion by making modifications to improve the efficiency of the reaction and purity
of the product. Furthermore, we studied the versatility of the novel trithioorthoester intermediate
to e what other nucleophiles were suitable for this reaction to develop mild route toward the

synthesis of heterocycles.

2.1.Results & Discussion

2.1.1. Synthesis of orthoesters
1,3-Dithianes were synthesized following literature conditions withptgpanedithiol and

either BRAOEL or catalytic iodine, which gave equivalent yields, usually 80% yield or better.
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Synthesis of the orthoester was optimized using the subst{dten@thoxyphenyhl,3-dithiane

(Scheme 2.4).

AgNO3
EtOH

S 1) nBuLi or LDA
/j 2) MeSSMe S/\> collidine, iPr,NH C(OEt)s CO,Et
S y S - +
(6] S o O
] "o
1

~ | |

2 3 4

Scheme 24. Test reaction for synthesizing orthoester by oxidative solvolysis.

The dithiane was deprotonated witiBuLi, followed by addition of the electrophile dimethyl
disulfide, resulting in complete conversion to the trithioorthoestertheéonext step of solvolysis,
we employed the method of Elliseh al, wherein excess anhydrous ethanol was added, followed
by collidine and a solution of AgN{n acetonitrile. The product was successfully recovered after
filtration of the silver salts anextraction of the organic layer, with the main impurities being a
small amount of ester, the hydrolysis smteduct, and excess collidine. The collidine could be
removed by either distillation, reduced pressure, or washing the organic layer with a@zJgu(N
We found that the addition of a second base, triisopropylamine, suppressed the formation of the
ester to increase the purity of the orthoester. Usually no additional purification was needed, but
the orthoester could be vacuum distilled or passedigir@a neutral alumina column to avoid
decomposition on silica gel, a more acidic medium. The conversion from dithiane to orthoester
was completed in one pot with no isolation of the intermediate trithioorthoester. This helped to

reduce transfer losses aextclude water from the reaction.



Table 21. Yields of orthoesters.
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1) 1.1 eq nBulLi or LDA S
S 2) 1.1 eq MeSSMe /j 10 eq EtOH
S _S 4 eq AgNO3
4 eq collidine
4 eqiProNH
Orthoester # Yield Orthoester # Yield
C(OEt); C(OEY)s
@ 4 0 OO 11 30%
C(OEt), \
/@ 5 0%? QC(OE% 12 92%
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C(OEt)3 C(OEt)s
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Having finetuned the conditions of the reaction, we then studied the scope of reactivity by varying
the substrates and a clear pattern of electronic effects emerged, as shown in Table 2.1.

The reactions were performed in one pot aBlULiI was used to deprotonate the dithiane with
the exception of the brominated or esterified starting materials, in which case LDA was used.
Electronrich aromatic substrates performed the best, as in comp@nts8, 9, 10, and the
thiophene orthoestég, all with yields near 80% or better. More strongly electionating alkoxy
groups are preferred, compared to unsubstituted benzene and toluene which did not yield product
(4 and5) but instead a complex mixte was recovered. Meanwhile the naphthyl derivative,
gave a low vyield of 30%. A longer alkyl chain on the benzene ring did promote the reaction,
resulting in 84% of compounél. A TBDMS-protected alcohol was tolerated in the reaction,
yielding 55% of 6. The 4iodo-2,5dimethoxyphenyl substrate contained a mixture of
donating/withdrawing functionality and suffered a lower yield of 29%. In a related fagbiand
16 with electrorwithdrawing brome and ester substituents in thara-position returned elanly
the dithiane starting material. The dithianes in this case were most likely successfully deprotonated
by LDA, a conventional reaction, yet the resulting anion was not nucleophilic enough to attack the
disulfide even with heat or extended reactioretitnecause of the electronic effects imparted by
these substituents. Placing the bromine attb&position illustrates the impact of this effect, as
in this case product4 was formed in 48%. Lastly, an alkyl substrate was tested and no product
(17) wasobtained, resemblant of the problems encountered with the phenyl and tolyl substrates.
The preference for electratch substrates can be rationalized by considering the reaction
mechanism wherein the silver abstracts the sulfur group, creating a batianstabilized by these

aromatic substituents.
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2.1.2. Synthesis of heterocycles

Having established the reactivity of various aromatic substrates for the formation of
orthoesters, we then studied what nucleophiles besides ethanol could be used with our general
method. Since orthoesters are often a synthetic intermediate of more complex products, we
wondered if the trithioorthoester could perform in a similar way, thereby eliminating a synthetic
step or providing new synthetic pathways to formation of heteresy@lable 2.2). The two cyclic
orthoesters were formed in a opet reaction as before. The following anilibased nucleophiles
were used in a twetep variation: synthesis and isolation of the trithioorthoester followed by the
AgNOsreaction conditiondn this case 2 equivalents of the various nucleophiles were used instead
of the larger excess used previously. The reason for these changes was to remove any possible
interferences from the reaction by isolating the intermediate and then use a smallet @imou

nucleophile, which in some scenarios could be a more valuable component.

Besides ethanol, other alchoholic nucleophiles could be implemented to form bicyclic
orthoesters, eithellB or anN-Boc variation19. A compound such dS8is appealing comparead
the simple ethyl orthoester since it forms a solid that can be purified by recrystallization. The
formation of benzazoles using these intermediates was studied. This class of heteroaromatic
compounds differ only in the substitution BfO, or S heterosgoms. Interestingly, only the
benzoxazole,20, was formed in 69% vyield. Under the reaction conditions with either
phenylenediamine or-@minobenzenethiol the solution turned black and appeared to decompose,
perhaps due to oxidation of the aromatic anbygehe AgNQ. The benzoxazine28) was not

recovered whereas a benzoxazinoB4), (was successfully produced from anthranilic acid.
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Table 22. Synthesis of heterocycles from trithioorthoesters.
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2.2.Conclusion
In conclusion, we have explored the converstion of trithioorthoesters into orthoesters and
other heterocycles. A study of the reactivity of various substrates for orthoesters indicates that

electronrich aromatic units perform best in this role.

2.3. Acknowledgements
Synthesis of the dithiane starting materials and orthoesters was distributed between Dana
Drochner and James Klimavicz. Additionally, J. Klimavicz synthesized the cyclic orthoesters

while D. Drachner synthesized the heterocycles.

2.4. Experimental

Materials

Tetrahydrofuran was dried using an Innovative Technology, Inc. solvent purification system.

Other reagents were obtained from commercial sources and used without further purification.

Characterization
Nuclear magnetic resonance (NMR) spectra were recorded on a Varian MR (400 MHz) or a
Bruker Avance Ill (600 MHz). Spectra were internally referenced to the residual protonated

solvent peak. Chemical shifts are given 1in

Syrthesis and characterization of compoutlsg!t, 912 10, 12! 18!, and19'! have been

reported elsewhere.

General onepot synthesis of orthoestersT'he 2substitutedl,3-dithiane (2 mmol) was dissolved
in an ovenrdried flask kept under an argon atmosphere and cool&8teC in a dry ice/acetone

bath. 2.2 M rButyllithium in hexanes (1.1 mL, 2.4 mmol) wadd@d dropwise and the solution

pp
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was stirred for 0.8 h, followed by the dropwise addition of MeSSMe (0.18 mL, 2.1 mmol). The
solution was removed from the cold bath and allowed to warm to room temperature. Anhydrous
ethanol (3 mL) was added to the solutidollowed by collidine (1 mL, 8 mmol) and
diisopropylamine (1.1 mL, 8 mmol). Silver nitrate (1.36 g, 8 mmol) was dissolved in dry
acetonitrile and added dropwise to the reaction solution and a precipitate formed. The solution was
stirred at room tempernate for 1 h, then filtered and the filter cake was washed well with diethyl
ether. The filtrate was washed with water, aq Cu{@nd brine. The organic layer was dried

over sodium sulfate, filtered, and concentrated by rotary evaporation to yielathefpr
tert-Butyldimethyl(4 -(triethoxymethyl)phenoxy)silane (6).55% vyield.

1,4-Dimethoxy-2-(triethoxymethyl)benzene (7)90% yield.!H NMR (400 MHz, Chloroforrrd)
a 7. B351.8H1, 1H), 6.84 (d] = 1.8 Hz, 2H), 3.80 (s, 3H), 3.79 (s, 3H), 3.35J¢,7.1 Hz,
6H), 1.16 (t,J = 7.1 Hz, 9H).1*C NMR (101 MHz,cde)) U 15. 14, 32. 52, 55.

112.85, 113.99, 117.22, 126.84, 151.93.

General synthesis of heterocycle2-(4-Methoxyphenyl1,3-dithiane (0.45 g, 2 mmol) was
dissolved in an ovedried flask kept under an argon atmosphere and cooletBt6C in a dry
ice/acetone bath. 2.2 MButyllithium in hexanes (1.1 mL, 2.4 mmol) was added dropwise and

the solution was stirred for @56h, followed by the dropwise addition of MeSSMe (0.18 &L,

mmol). The solution was removed from the cold bath and allowed to warm to room temperature.
Water was added and the product was extracted with diethyl ether. The organic layer was washed
with brine, dried over sodium sulfate, filtered, and concentraiedotary evaporation. The
trithioorthoester was dissolved in 20 mL THF, followed by the addition of collidine (1 mL, 8

mmol) and diisopropylamine (1.1 mL, 8 mmol). Silver nitrate (1.36 g, 8 mmol) was dissolved in
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dry acetonitrile and added dropwise te tleaction solution and a precipitate formed. The solution
was stirred at room temperature for 1 h, then filtered and the filter cake was washed well with
diethyl ether. The filtrate was washed with water, aq Cujp@nd brine. The organic layer was
dried over sodium sulfate, filtered, and concentrated by rotary evaporation to yield the crude

product.

2-(4-Methoxyphenyl)benzo[d]oxazole (20)69% yield.*H NMR (600 MHz, Chlorofornd ) a
8.23 (d,J=8.9 Hz, 2H), 7.78 7.73 (m, 1H), 7.59 7.53 (m, 1H), 7.81 7.31 (m, 2H), 7.08

7.01 (m, 2H), 3.90 (s, 3H).

2-(4-methoxyphenyl}4H-benzo[d][1,3]oxazin4-one (24).65% yield. 'H NMR (400 MHz,
Chloroformd ) U 8= &8Mz, @H),,8.22 (ddl= 7.9, 1.5 Hz, 1H), 7.81 (td,= 7.7, 1.5 Hz,
1H), 7.65 (dJ = 8.1 Hz, 1H), 7.48 (t) = 7.6 Hz, 1H), 7.01 (d] = 8.9 Hz, 2H), 3.90 (s, 3H}*C
NMR (101 MHz, cdcj) u4 55. 66, 114. 29, 116. 85, 122. 67,

147.47,157.27, 159.93, 163.42.
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CHAPTER 3

TOWARD THE SYNTHESIS OF 2,6-ASYMMETRIC

BENZOBISOXAZOLES

3.1.Introduction to benzobisoxazoles
The donoracceptor approach to synthesizing conjugated polymers, wherein elechramd
deficient monomers are copolymerizgaas proven to be affective technique toward producing
low bandgap polymers for optoelectronic applications such as organic photo¥olteits group
we have widely studied benzobisazoles, a class of heterocycles which indtadss
benzdisoxazoletfans-BBO), cis-benzobisoxazole{s-BBO), andiransbenzobisthiazolaians

BBTZ) (Fig. 1).

N O O (@] N S
<AL CICLY ALY
(e N N N S N
benzo[1,2-d:4,5-d'|bis(oxazole) benzo[1,2-d:5,4-d"|bis(oxazole) benzo[1,2-d:4,5-d'|bis(thiazole)

trans-BBO cis-BBO trans-BBTZ

Figure 3.1.Structures of benzobisazoles.

Benzobisazoles are an appealing family for the development of materiatgdoioelectronic
purposes due to the extended, planar pi system, high charge carrier mdlitidethermal
stability*. While traditionally synthesized in harsh conditions like condensations with
polyphosphoric acid (PPA) owur groupbs advances in benzobi
condensatichexpanded the scope of reactivity by increasing solubility and functional group

tolerance under the mild reaction conditions. Our research, among others, has demonstrated that
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benzobisazoles are relativelyeak acceptors in comparison to other wekihown acceptors,
producing wide bandgap materials. This is beneficial for thehsgrg of materials for use in
organic light emitting diodés but for photovoltaic applications that reguinarrow bandgap
materials, new BB&ontaining materials are needed. Other groups have studied the use of
benzobisthiazole as a donor moleéutmd have observed good efficienéis In this new
approach, we sought to expl orelltohea urseel atfi \eelny,
electrondonating/withdrawing unit used to extend conjugation and improve the molar absorptivity
of the molecule. Typically, vinylene, ethynyl, benzene, thiophene, or furan are used as pi spacers
in the syithesis of conjugated polymers and small molecules. Similarly, the large pi system and
weak electrordonating and withdrawing properties of BBO suggest that it could be used for this
purpose as an alternative role to either a donor or acceptor. The IB®®EB a pi spacer requires

the synthesis of new 2@gsymmetric BBOs (ABBOs), a greater synthetic challenge compared to

the usual symmetric structures.
3.1.1. Synthesis of benzobisoxazoles and benzoxazoles

We began by reviewing current methods of synthesizin@8RBnd benzoxazoles to gain
insight on how to approach the new synthesis. An overview of the synthetic methods herein focuses

on thetransBBO isomer, as the research discussed later focuses on synthesis of the
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Scheme 3.1Synthesis ofrans-BBO.

A-transBBO. Traditional methods for the synthesis of the BBO involve condensation of
diaminohydroquinone (DAHQ) hydrochloride sal) @and reaction conditions can range from
harsh to mild. The use of polyphosphoric acid (PPA)igpte DAHQ and a carboxylic acid is a

high temperature and strongly acidic method and, as a result, the BBOs produced can have limited
solubility and functionality tolerated in these reaction conditions. Using polyphosphoric silyl ether
(PPSEY? and an acid chloridesith DAHQ can tolerate some functionality such as alkyl chains,
though yields of this reaction average 50%. A milder and higher yielding method was developed
by our group, inspired by known methods of benzoxazole synthesis from orthoesters. After
optimization, it was found that BBOs with many functional groups could be synthesized at low
temperature with ¢alytic amounts of Y(OTgor Yb(OTf)s, which functions as a Lewis acid.

While benzoxazoles can be synthesized similarly to BBOs some additional methods are shown in
Scheme 3.2. The -O bond can be formed by copper catalyzed cyclization ofrmo-
bromoaetanilidé® (2). A benzoxazole can be formed from an ostiygroxy aryl oxime 8) via

a Beckmann rearrangemé&hivhich is catalyzedy the Vilsmeier reagent, formed situ from

POCk and DMF.
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Cul N,OH
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Cx o
NHAG N OH
2 3

Scheme 3.2Synthesis of Znethylbenzoxazole.

3.1.2. Asymmetric BBOs
3.1.2.1. Via crosscoupling reactions
There have been very few syntheses of asymmetric benzobisazalas. ¢ase, a BBTZ
was synthesized with alkylthiophenes at the-gh6itions (Scheme 3.3). Bromination of the
flanking thiophenes4) allowed for stepwise coupling of different aromatic units to either side by
a Suzuki reaction in low yields due to the mnetof substituted products and starting material that

can be recovered from this noegioselective approath

Scheme 3.3Synthesis of asymmetric BBTZ via Suzuki crasaipling.

3.1.2.2. Via Beckmann reaangement



