THE EFFECT OF MONOMER SEQUENCE ON THE PROPERTIES AND DEVICE
PERFORMANCE OF CONJUGATED ORGANIC SEMICONDUCTORS

by
Shaopeng Zhang

Bachelor of Science in Chemistry, Lanzhou University, 2010

Submitted to the Graduate Faculty of the
Dietrich School of Arts and Sciences in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy in Chemistry

University of Pittsburgh

2017



UNIVERSITY OF PITTSBURGH

Dietrich School of Arts and Sciences

This dissertation was presented

by

Shaopeng Zhang

It was defended on
March 31%, 2017
and approved by
Geoffrey R. Hutchison, Associate Professor, Chemistry
Alexander Star, Professor, Chemistry
John A. Keith, Assistant Professor, Chemical & Petroleum Engineering

Dissertation Advisor: Tara Y. Meyer, Associate Professor, Chemistry



Copyright © by Shaopeng Zhang

2017



THE EFFECT OF MONOMER SEQUENCE ON THE PROPERTIES AND DEVICE
PERFORMANCE OF CONJUGATED ORGANIC SEMICONDUCTORS
Shaopeng Zhang, PhD

University of Pittsburgh, 2017

Although sequence effect can potentially be a powerful tool to tune the photophysical
properties of conjugated oligomers and copolymers prepared from donor and acceptor monomers,
nearly all research to date focuses on the alternating structure. Little is known about the properties
of other sequences and sequence has not been exploited as a tool for tuning these materials for
specific applications. In order to explore this potentially powerful tool, a series of sequenced
phenylene-vinylene oligomers was synthesized and investigated both experimentally and
computationally. Using Horner-Wadsworth-Emmons (HWE) chemistry, dimers, trimers,
tetramers, pentamers, and hexamers were prepared from two building block monomers, a relatively
electron-poor unsubstituted p-phenylene-vinylene and an electron-rich dialkoxy-substituted p-
phenylene-vinylene. UV-Vis absorption/emission spectra and cyclic voltammetry demonstrated
that the optoelectronic properties of these oligomers depended significantly on sequence.

To further understand the influence of monomer sequence on the properties and solar cell
performance of donor-acceptor conjugated oligomers, a library of dimers, trimers, and tetramers
were prepared from phenylene and benzothiadiazole monomers linked by vinylene groups. Optical
and electrochemical studies established the influence of sequence on both the Amax and redox
potentials of this series of structurally related oligomers. The effect of end groups (cyano, bromo,
and alkyl) was also demonstrated to be important for the properties of these oligomers. Bulk
heterojunction (BHJ) solar cells fabricated with selected tetramers as the donor exhibited power

conversion efficiencies that varied by a factor of three as a function of sequence.



The sequence effect on donor-acceptor conjugated polymers was also studied. Two
trimeric isomers, comprising dialkoxy phenylene vinylene, benzothiadiazole vinylene, and alkyl
endgroups with terminal olefins, were synthesized. Sequence effects were evident in the
optical/electrochemical properties and thermal properties. The trimers were used as
macromonomers in an ADMET polymerization to give sequenced polymers. The optical and
electrochemical properties were similar to those of their trimer precursors—sequence effects were
still evident.

These results suggest that sequence control is important for tuning optoelectronic
properties and photovoltaic performance of these structurally related conjugated oligomers. The
polymerization of oligomeric sequences is a practical approach for the incorporation of sequence

into polymers.
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1.0 INTRODUCTION

1.1  OVERVIEW

Sequence effects on properties of donor-acceptor type conjugated organic semiconductors
can potentially be utilized for high performance electronics design. Discovering sequence-related
properties and establishing sequence-property correlations are necessary for rationale molecular
engineering. In this dissertation, oligomers with complex sequence were synthesized via an
efficient iterative strategy which precisely controls the monomer placement. Sequence-property
correlations were established by characterizing the large library of sequenced oliogmers. Polymers
that incorporated these sequenced oligomers were prepared and the retention of photophysical

properties was demonstrated.

1.2 SEQUENCE CONTROLLED POLYMERS

Nature refines the properties of biopolymers by exploiting not only composition, but also
monomer sequence. Proteins, in which functionality depends directly on sequence are the
prototype for this behavior. The photosynthetic pathway, for example, accomplishes multiple
functions including optical absorption, energy transfer, electron transfer, and chemical

1



transformation using a multi-component system comprised largely of macromolecules whose
properties are determined by the sequence of the same basic set of building blocks.! In contrast
with Nature’s masterful exploitation of sequence, our ability to tune polymer properties with the
monomer sequence is very limited. Conventional synthetic polymers typically consist of simple
monomer sequences: alternating, random and block. The lack of synthetic methods for the
preparation of sequence-defined polymers on a large scale has, moreover, also limited our
understanding of sequence-property relationships.2* In recent years, however, the potential
importance of monomer sequence control is has attracted significant new research effort to this
field and there have been an increasing number of reports of new polymeric systems with well-

controlled monomer sequences.? 412

1.2.1 Synthesis

The control of sequence in copolymers can be accomplished by an increasing variety of
synthetic techniques, and many different classes of sequence-controlled polymers can be prepared.
Sequence can be present in the main chain or in the side chains and can take the form of periodic,
multi-block, gradient or complex sequences that mimic those seen in biopolymers (Figure 1).2*8
Depending on the target structure, a wide variety of synthesis techniques have been reported.
Sequenced copolymers have been prepared, for example, by convergent/divergent assembly of
precise oligomers, sequential polycondensation, acyclic diene metathesis, controlled free-radical

polymerizations, solid-phase synthesis and template synthesis (Figure 2). 2> 8 10.12-15
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Periodic sequenced polymers have defined sequence repeating units throughout the

polymer main chain, e.g., (AB)n or (ABC)n. This class of polymer is generally prepared by a step-

growth polymerization of sequenced oligomers. Meyer and coworkers, for example, reported the

segmer assembly polymerization method for poly(lactic-co-glycolic acid) (PLGA) periodic

sequenced polymers.® Sequenced segmers (LG, LLG) with carboxylic acid and alcohol

bifunctional endgroups were assembled to polymers via step-growth polycondensation. The high

sequence fidelity of these materials was characterized and verified by the MALDI study.*® In a

more recent paper, entropy-driven ring-opening metathesis polymerization (ED-ROMP) was

developed to synthesize a new PLGA materials.'® The semi-living polymerization nature of ED-

ROMP provides molecular weight control in the sequenced polymer synthesis.
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Figure 2. Common synthetic approaches for sequence-controlled polymers.

In the current work, we will focus, however, on the complex sequences with unigque, non-
periodic structures. This type of structure maximizes the potential of sequence diversity and is
typically prepared by an iterative synthesis strategy.? * 11317 Monomers are added to the polymer
chain one-by-one to offer precise control over sequence along the backbone. Both DNA and solid-
phase peptide synthesis exploit this method. Although precise, this approach requires significant
synthetic work, high yielding reactions, mild conditions and easy purification protocols to be
successfully implemented. Despite these challenges, several iterative systems have been developed
for the preparation of non-biological polymers with complex sequences. Such an iterative
sequence-controlled  propagation can be accomplished using controlled radical
polymerizations!™*3 or orthogonal chemoselective reactions.® 2 14 17-19 |_ytz and coworkers have,
for example, reported solid-phase synthesis routes to sequenced poly(triazole amide)s,
poly(alokoxyamine amide)s and poly(phosphodiester)s using orthogonal chemoselective
reactions.® 1* 1718 Using these strategies Lutz has shown that sequenced copolymers can be used

to encode information.



1.2.2 Properties

As discussed earlier, the connection of sequence to properties outside of biological
macromolecules is not a well-developed area. That being said, there are some reports that offer
insight into structure/function in these materials. If we consider first properties that are intrinsic to
isolated chains, the sequence itself can be regarded as a property in that the sequence, as Lutz and
coworkers reported, can be used to encode information. Polymer hydrophobicity has also been
shown to be sequence-related. In a work reported by Sleiman and coworkers, polymers with the
same monomer ratios and chain lengths exhibited large differences in hydrophobicity when the
structure was changed from alternating to multi-block to diblock.’® Other single-molecule
properties like molecular redox potentials and emission/absorption properties measured in dilute
solution phase are also deeply influenced by the monomer sequence. Studies on these properties
are part of this dissertation work and will be discussed in more detail later.

Sequence can also be shown to affect interchain interactions like polymer self-assembly.
Sequence recognition and sequence-specific binding are both manifestations of this property.
Gong and coworkers, for example, reported that hydrogen-bonded bimolecular duplexes with
perfectly matched hydrogen donor-acceptor pairs showed much stronger association than ones
with mismatched pairs, i.e. hydrogen bond donor-donor or hydrogen bond acceptor-acceptor.?
Thus, the molecular recognition for these duplex was found to be highly selectively and sequence
dependent, which made it a powerful tool for cross metathesis template.

Polymer bulk properties including glass transition temperature (Tg), crystallinity,
degradation, and mechanical properties that are important to applications are also affected by
sequence. In the Meyer group study of sequenced poly(a-hydroxy acid)s, for example, interesting

Tgyeffects have been observed. In a periodic copolymer system comprising L, G and C (caprolactic
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acid) units, they found that (GLC)n exhibited a Ty which was 8 °C higher than that of (LGC)y.5
Sequence was also correlated with crystallinity; (LGC)n was amorphous while (GLC), was semi-
crystalline with a Tm of 37 °C. They have also found that hydrolytic degradation is sequence-
dependent. Microparticles made from sequenced PLGA with a 1:1 LG ratio, (LG)n, showed a more
controlled hydrolytic degradation than the random analogues with identical compositions.
Moreover, the molecular weight for the sequenced PLGA decreases nearly linearly while the
random exhibits an exponential loss of molecular weight at a much earlier time point.? In
compression-molded cylindrical constructs made from PLGA, the erosion mechanism are also
found to be different between sequenced polymers vs random polymers.?? Sequenced PLGA
constructs exhibit many characteristics that are consistent with surface erosion while the random

PLGA degraded by a bulk mechanism.

1.3  SEMICONDUCTING ORGANIC MOLECULES

Organic semiconductors have attracted increasing attentions recently because of their
widespread use in scientific and technological areas. Thin film, organic electronic devices, which
can be fabricated by low-cost, solution processing methods over large areas and on flexible
substrates are one of the most promising technologies. Major applications of organic electronic
devices involve organic solar cells, organic field effect transistors, organic light-emitting displays,
photocatalytic systems, polymer batteries and supercapacitors.2®3° Impressive scientific and
technological progress has been achieved in these applications. For example, OLEDs are viewed
as competitive candidates for the next generation large-size high-resolution displays and solid-

state lighting panels. Now OLEDs are becoming commercially available and are moving from



being laboratory curiosities to a part of everyday life. The organic solar cell is a more important
application as identifying sources of clean and renewable energy is one of the most challenging
issues of the 21st century. Devices based on semiconducting organic materials are predicted to
have a theoretical efficiency that approaches 10-15%.31*% Since the pioneer work by Tang in
1980s,%* efficiencies of organic solar cells have been significantly improved, going from 1% to

above 10%.3°36
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Figure 3. Current generating mechanism for organic solar cell.

A typical organic solar cell includes a donor (p-type semiconductor) layer and an acceptor
(n-type semiconductor) layer. The mechanism may be briefly described as follows (Figure 3).
First, photons are absorbed by the photo-active donor layer to form excitons (tightly bound electron
hole pair). The exciton then diffuses to the D-A interface and dissociates to form charge transfer
state or so-called polaron pair. Free charge carriers are subsequently generated from fully
dissociated charge transfer states. Due to the limited exciton diffusion length, modern solar cells

adapt a bulk heterojunction structure at the donor-acceptor interface. Such structure is made from



co-deposition of a blend donor and acceptor materials and offers a large interface to improve the

power conversion efficiency (PCE).

'\.‘E Solar cell power conversion efficiency
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Figure 4. Current-voltage (J-V) characteristics of a typical solar cell. Voc: open-circuit voltage; Js.: short-circuit current
density; FF: fill factor; VVoltage and current at maximium power output are Vmp and Jmp respectively.

Power conversion efficiencies, the ratio of maximum power output to input, are represented
and directly measured by the current-voltage curves (Figure 4). The maximum power output is a
product of Vo, Jsc and FF. Vo is the open-circuit voltage which is the maximum photo-voltage
measured in a solar cell. The difference between the donor layer material HOMO level and the
acceptor layer material LUMO level is found to significantly influence the Voc. Jsc represents the
maximum current measured in a solar cell. A large Jsc means that more absorbed photons that can
be exploited by the solar cell as long as no saturation effects occur. The surface area of the
photoactive layer, device thickness, material light absorption properties and charge-transport
process are all important factors for high Jsc. The fill factor, which represents the quality of the

solar cell and related to fraction of charge carriers generated to that reach the electrodes, is defined



as the ratio of the maximum power output to the product of Vo and Jsc. Charge transport processes
and charge recombination determine the fill factor.

There are multiple factors can affect the efficiency of a solar cell ranging from material
properties to the device engineering and fabrication. Research in this document will focus on the
material properties of the photo-active donor layer. Ideal materials should have light absorption
profile with high solar spectrum coverage and molar absorption coefficient. The HOMO/LUMO
energy level should be properly adjusted for high Voc and FF. Besides, many other factors like
charge carrier mobility, material stability and phase segregation power are very important as well.

Controlling multiple parameters for a high efficiency solar cell device is one of the most
challenging problems in this field. Fortunately, conjugated organic materials benefits from their
rich diversity and ease of tailoring key properties.?® %3¢ One of the fundamental strategies used
to engineer the desired optoelectronic properties of photovoltaic materials is the donor-acceptor
strategy.*®%? Electron-rich (donor or D) and electron-poor (acceptor or A) monomers are
copolymerized to give materials with hybrid properties of the respective homopolymers. It is
important to note that the “donor (D) monomer” in this context is different from the “donor layer”
mentioned above in that the donor layer which absorbs incoming light is often composed of a
polymer incorporating both D and A monomers. The HOMO and LUMO energy levels of the DA
copolymers are direct related to the HOMO level of the donor unit and the LUMO energy of level
the acceptor unit, respectively. Therefore, the copolymer band gap is usually narrower than
homopolymers and can be tuned at the molecular level (Figure 5).*3 Based on this donor-acceptor
strategy, significant progress has been made. Other strategies include developing new
sophisticated repeat units, tailoring side-chains, fluorinating the backbone and introducing

heteroatoms,# 35 43-45
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Figure 5. Band gap reduction using a donor-acceptor strategy.

Significant effort has been devoted to discovering new donor and acceptor units as the
properties of these polymer largely depend on the repeating unit selection.3> 468 In recent years,
many new monomers have been developed as well as different combinations of the donor and
acceptor units in polymers. In the Figure 6, some of the most common units that give high power
conversion efficiencies are listed.

The role of side chains in conjugated molecules is also known to be a significant contributor
to their properties and performance.®> *° First, side chains are critical for solubilizing the
polymer/oligomer as the insoluble nature of backbone with strong n-m interaction. The increased
solubility is indispensable for industrial processibility and improving the polymer synthesis. It has
also been found that side chains can affect the donor-acceptor layer interface in a solar cell. On the
other hand, bulky side chains may provide so much steric hindrance that the coplanarity of the

backbone or interchain interaction necessary for charge transport are disturbed. The balance
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between good solubility, charge-transport and device efficiencies must be carefully examined and
optimized. Chain length, substitution position, branch point, heteroatoms on the side chain,

chemical entity (alkyl or conjugated) are common ways to tune the side chain effect.

Donor units
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dione
Figure 6. Structures of common donor and acceptor units.

Other substituents on the main chain can also be used to tune the properties of conjugated
molecules. Some of the substituents that have strongly impact on the molecule physical and
electronic properties include fluorine, cyano or heteroatoms (such as S, Se, Si and Ge). The PCE
of solar cell device therefore can also be improved via this approach. The working mechanism
behind these substituents are specific in each case. The general strategy of fluorine substitution is
often called the “fluorination effect.”%>2 The strong electronegative nature of the fluorine lowers
both the HOMO and LUMO energy level of the conjugated molecules without introducing steric
hindrance. Intra- and intermolecular F-H and F-S interactions are also widely exploited to improve
the conjugation. These interactions allow for more favorable packing and coplanarity of the
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backbone. The substitution of a heteroatom for another heavier one from the same group also
affects molecular electronic properties. A typical example is replacing thiophene with selenophene
to modify HOMO-LUMO levels or even charge carrier mobilities.>® %34 The bridging atom that
covalently links two aromatic rings in a donor unit (not aromatically) is normally carbon.
Replacing it by Si or Ge in many cases improves the HOMO-LUMO energy level, crystallinity,
solubility and change transportation.>3 55-%

Polymer and small molecule semiconductors are both considered promising candidates for
organic solar cell donor materials. In general polymer systems attract majority of attentions for its
higher efficiency and improved film mechanical qualities.® 3" Indeed, the highest performance
organic solar cell was reported using a polymeric system with a PCE of 11.5%.% Research on
small molecule semiconductors is quickly expanding due to their unique advantages. Unlike
polymers, small molecular structures can be precisely controlled and interpreted. Solar cells
fabricated with small molecule donors can benefit from excellent batch to batch reproducibility,

facile purification and eliminated chain-end defects,24-2% 28, 44,5758

1.4 SEQUENCE EFFECTS IN ORGANIC SEMICONDUCTORS

Even though sequence has been found to be useful in tuning material properties of non-
conjugated polymers, it is still underexploited in semiconducting organic materials. The lack of
research in this area is somewhat puzzling, however, since the molecular properties of conjugated
organic semiconductors must necessarily depend on sequence. Important factors for high
performance materials, for example, dipole moment, side chain interaction, molecular orbitals,

coplanarity, etc. are all strongly influenced by monomer sequence. Bulk properties like
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crystallinity, charge transport, melting point, which are built on the molecular properties, may also
be sequence controlled. Understanding the structure-property relationship from the monomer
sequence perspective will provide a powerful tool to tune material properties for the high
performance electronic device.

Though most research on conjugated molecules focus on donor-acceptor unit design, side
chain engineering and substituent effects, there are a few interesting examples of sequence effects
in the literature (Figure 7). The Beaujuge group reported three small-molecule semiconductors
(SM1-3) with well-defined sequence as the donor materials for solar cells.®® These
benzodithiophene based molecules have the same building units and end groups but different
sequences. The donor unit is fixed in the center and acceptors units are either directly appended to
it (SM1), or separated by one (SM2) or two (SM3) thiophene units. The HOMO-LUMO band gap,
optical properties, molecular packing and charge transport are all dramatically different from SM1
to SM3. Solar cells fabricated with these molecules as the donor layer show PCE from 2.0% to
6.6%. Du and Liang also reported conjugated small molecules with similar sequence design
respectively.®%%1 Two sequenced molecules BDT-TT-BT and BDT-BT-TT, in Du’s work,
showed distinct phase separation with PC71.BM in the photo-active layer.®° Liang and co-workers
synthesized BDT(BTTh2)2 and BDT(ThBTTh)2. The power conversion efficiency for solar cells
fabricated with these two sequenced molecules are largely different, 4.53% vs 1.58%.5!

Sequence effects have also been reported for conjugated polymers. Palermo reported a
series of thiophene and selenophene copolymers with narrow molecular weight distributions and
defined end-groups.®? The gradient copolymer exhibited intermediate properties comparing with
block and random polymers. The sequence effect is particularly apparent in the film morphology

which is an important factor in organic electronics. Tsai also reported sequenced polymers consist
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of group 16 heterocycles, furan, thiophene, and selenophene.’® The optical gap and redox
potentials can be precisely controlled by changing sequence. Though the AFM topology does not
significantly change with sequence, the molecular stacking clearly relies on the polymer sequence.
The m-stacking distance can be tuned from 3.7-4.0 A and the lamellar spacing can be tuned from

15.8 to 15.2 A by changing the sequence.
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Figure 7. Sequence controlled conjugated oligomers reported in the literature. 596!
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1.5 OBJECTIVES OF THE CURRENT PROJECT

Phenylene vinylene oligomers
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Figure 8. Examples of sequenced oligomers discussed in this dissertation.

In this dissertation, the donor-acceptor monomer sequence effect in conjugated oligomers
and polymers bearing conjugated segments was investigated. With a large library of synthesized
sequenced molecules (Figure 8), properties including HOMO and LUMO energy level, optical
properties, film morphology, charge transport, melting point, and solar cell efficiency were
characterized to understand the sequence effects. These experiments were supported and enhanced
throughout by calculations performed by Professor Hutchison and coworkers who modelled the
sequence effects.

In the second chapter, sequence effects on phenylene vinylene oligomers are described.
Oligomers from dimers to hexamers were prepared from two monomers—dialkoxy substituted
phenylene vinylene and unsubstituted phenylene vinylene. Both the optical and electronic

properties of these oligomers were found to depend on the sequence. The experimental results and

15



computational simulations were found to be in good agreement and demonstrated to offer
predictive power.

In the third chapter, the preparation and characterization of oligomers that incorporate the
widely-used benzothiadiazole acceptor unit are described. In addition to differences in optical
properties, solar cells fabricated with these oligomers by our collaborators, Wei You and Nicole
Bauer, showed significant sequence-based differences in the power conversion efficiency.

In the fourth chapter, the incorporation of selected sequenced oligomers into polymeric
chains is described. Film properties were demonstrated to improve while photophysical properties

were retained.
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20 SEQUENCE EFFECTS ON ELECTRONIC AND OPTICAL PROPERTIES OF

CONJUGATED OLIGMERS COMPRISING PHENYLENE VINYLENES

21 OVERVIEW

Although sequence must necessarily affect the photophysical properties of oligomers and
copolymers prepared from donor and acceptor monomers, little is known as nearly all the
donor/acceptor materials have an alternating structure. A series of sequenced para-phenylene-
vinylene (PV) oligomers was synthesized and investigated both experimentally and
computationally.

In order to provide the full picture of our discoveries, the work of several coworkers will
be included in this document. These contributions will be highlighted as they are discussed. Dr.
Ben Norris is particularly acknowledged for his contribution to the synthesis development and
characterization for part of oligomers and Prof. Hutchison and Dr. Casey Campbell for their
computational work. The majority of the work presented in this chapter was previously published
in Norris, B. N.; Zhang, S.; Campbell, C. M.; Auletta, J. T.; Calvo-Marzal, P.; Hutchison, G. R;
Meyer, T. Y., Sequence Matters: Modulating Electronic and Optical Properties of Conjugated
Oligomers via Tailored Sequence. Macromolecules 2013, 46 (4), 1384-1392. 1

The following naming conventions are employed in this chapter: 1) unsubstituted para-
phenylene units are designated A; 2) dialkoxy-substituted units are designated B; 3) A’ and B’ are
used for para-phenylene units bearing the conjugated cyano endgroup; and 4) oligomers are
labeled dimer, trimer etc. based on the number of phenyl units (rather than complete phenylene-

vinylene units) to avoid the use of the more exact but cumbersome #.5-mer terminology.
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2.2 INTRODUCTION

Nature refines the properties of biopolymers, not just by composition, but also by
orchestration of monomer sequence. For example, the photosynthetic pathway exhibits optical
absorption, energy transfer, electron transfer, and chemical transformation motifs all within a self-
assembled package.? In stark contrast, efforts to synthesize organic solar cells focus almost solely
on chemical variation of monomer structure, seeking to derive optimal optical, energetic, and
charge transfer properties using a very limited number of patterns.®® Organic photovoltaics
promise to significantly reduce the cost of solar electrical generation, so optimization of the
material should be driven by sequence as well as composition. Here we demonstrate by combined
synthesis, computational design, and optical and electrochemical characterization that altering the
sequence of widely studied conjugated phenylene-vinylene oligomers can significantly modulate
both optical and redox properties. We show that neither long block nor alternating sequences will
likely yield optimal properties for photovoltaics.

Third generation photovoltaic polymers rely on the donor-acceptor approach in which
electron-poor acceptor and electron-rich donor monomers are copolymerized in an effort to
engineer the desired optoelectronic properties as a hybrid of the properties of the respective
homopolymers.31% Although alternating and random copolymers/oligomers containing a variety
of donor and acceptor monomers have been prepared,® 1114 no systematic effort has been made to
determine the effect of the donor-acceptor sequence on the optoelectronic properties. For example,
units that encode sequence in some form are nearly always symmetric'>?! and there are only a few
studies that include more than two examples of materials that have complex sequences®? or are

isomeric but sequentially diverse.?*-%*
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Recent results from Prof. Hutchison group suggest that monomer sequence can have as
much influence on properties of relevance to photovoltaics as the identities and ratios of the
monomers. They developed a genetic algorithm for surveying the structure space of conjugated
oligomers assembled from various donor-acceptor dimers and computationally predicted the
power-conversion efficiencies of photovoltaic cells.?® Oligomers with complex sequences of
dimers exhibited surprisingly large differences in optoelectronic properties and photovoltaic
efficiencies.

The power of sequence to control oligomer and polymer properties in applications other
than photovoltaics is increasingly being investigated.?6-28 Our group has, for example, examined
the effects of sequence on the properties of poly(lactic-co-glycolic acid)s and poly(fluorene-co-
methylene)s.?®-* The power of sequence to control the properties of oligomers and polymers can
also be seen in the metal-catalyzed control of stereochemistry in polyolefins,® polylactides,!? 18
and other monomers;® convergent/divergent assembly of precise oligomers,®” sequential
polycondensation,®® acyclic diene metathesis,® controlled free-radical polymerizations,**® and
template synthesis of sequences.**

This chapter focuses on a model study, combining synthesis and characterization of
sequenced oligomers and computational design that demonstrates the power of sequence to control
optoelectronic properties. The interplay between the experimental and theoretical work is
synergistic throughout. Experimental results from the synthesis of a library of easily prepared
shorter oligomers were used to verify the computational approach. The experimental trends and
calculations were then exploited to design targeted hexamers. Computational screening of the
sequences proved critical as the longer oligomers are synthetically complex and difficult to survey

experimentally due to the exponential increase in possible combinations with oligomer length.
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2.3 RESULTS

2.3.1 Synthesis of Sequenced Oligomers

Oligo(phenylene-vinylene)s (OPVs) were targeted for this sequence study because these
oligomers are well-known to have varied, substituent-dependent optoelectronic properties.'® 24 A
variety of methods for preparation of OPVs have been reported by our group and other
researchers.?? 24 4-47 The approach selected for this study was developed by Dr. Ben Norris and
was a modification of the synthesis by Jgrgensen and Krebs*® featuring alternating Horner-
Wadsworth-Emmons (HWE) olefinations of a p-cyanobenzyl phosphonate monomer with an
oligomer aldehyde followed by DIBAL-H reduction to yield a new reactive aldehyde. The key
differences in our approach are the iterative coupling of single phenylene units, rather than dimeric
units, which allows for the synthesis of any length oligomers with precise sequence control. Also,
worth noting is the study carried out by Dr. Ben Norris in which he compared the use of nitrile-
terminated units to acetals.*® He found that the nitrile route led to increased E-selectivity of the
HWE reaction and improved purification efficiency.

Four different monomers Br-A-CHO, P-A-CN, P-B-CHO and P-B-CN were synthesized
and used as building blocks for all oligomers. Br-A-CHO and Br-B-CHO are used only as the
beginning units of each sequenced oligomer. Depending on the monomer sequence targeted, either
P-A-CN or P-B-CN was used in the HWE reaction for chain propagation. Br-A-CHO is
commercially available, for all other monomers, synthesis details are described in the experimental
section. Oligomers with aldehyde endgroups are only considered as synthesis intermediates and

were not fully characterized.
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Figure 9. Synthetic approach to sequenced oligomers.
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Table 1. Sequenced oligophenylene vinylenes synthesized and characterized in this study.

Oligomer Yield? E:z°
Br-AA’-CN 85%° >20:1¢
Br-AB’-CN 92%° 20:1
Br-BA’-CN 96%° 20:1
Br-BB’-CN 96%° 9:1
Br-AAB’-CN 78% 20:1
Br-BAA’-CN 93% 20:1
Br-BAB’-CN 89% 20:1
Br-ABA’-CN 87% 9:1
Br-ABB’-CN 82% 8:1
Br-BBA’-CN 79% 8:1
Br-BAAB’-CN 83% >20:1¢
Br-ABAB’-CN 71% >20:1¢
Br-BABA’-CN 85% >20:1¢
Br-BBAA’-CN 98% >20:1¢
Br-AABB’-CN 80% 20:1
Br-ABBA’-CN 73% >20:1¢
Br-AABBB’-CN 59% 10:1
Br-BABAB’-CN 90% >20:1¢
Br-BBAAA’-CN 88% >20:1¢
Br-AABBBA’-CN 66% 9:1
Br-BABABA’-CN 74% >20:1¢
Br-BBAAAB’-CN 60% >20:1¢

2yield over two steps from relevant previous oligomer (e.g. Br-BBAA’-CN was prepared from Br-BBA’-CN), unless
noted; Pestimated from *H NMR spectra.; ®yield over one step from Br-A-CHO (1) or Br-B-CHO (2); ®no peaks for
Z isomers were observed.
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Four dimers, Br-AA’-CN, Br-AB’-CN, Br-BA’-CN, and Br-BB’-CN were prepared by

this procedure in high yields and E-selectivities (Table 1). The nitrile group of each dimer could

then be reduced with DIBAL-H to produce an aldehyde endgroup that allowed for subsequent
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HWE reactions to increase chain length. By repeating successive cycles of nitrile reduction and
HWE coupling a total of 22 sequenced oligomers were prepared: 4 dimers, 6 trimers, 6 tetramers,
3 pentamers, and 3 hexamers (Figure 9). To provide an example, the synthesis of hexamer Br-
BBAAAB’-CN was started by HWE coupling reaction between Br-B-CHO with P-B-CN using
KO'Bu as base stirred at room temperature overnight to give Br-BB’-CN with a yield of 86%.
Purified Br-BB’-CN was treated by DIBAL-H in dry methylene chloride to restore the reactive
CHO group for next coupling reaction. Br-BB’-CHO was synthesized with 94% yield. Then Br-
BB’-CHO was used to repeat the procedure above: HWE coupling with Br-A-CN with the same
conditions and then treated with DIBAL-H to synthesize next reactive aldehyede Br-BBA’-CHO.
By reapeating this procedure, Br-BBAAAB’-CN was successfully synthesized with high yield.
The yield over two reactions from Br-BB’-CN to Br-BBA’CN was 78%, from Br-BBA’-CN to
Br-BBAA’-CN was 98%, from Br-BBAA’-CN to Br-BBAAA’-CN was 88% and from Br-
BBAAA’-CN to Br-BBAAAB’-CN was 60%.

All HWE reactions and DIBAL-H reductions used to prepare the trimers and tetramers
proceeded in good to excellent yields. The yields of the pentamers and hexamers were lower in
some cases due to the decreased solubility of the longer oligomers. All oligomers were prepared
with high (> 8:1) E:Z-selectivity, with the lowest selectivity observed for those oligomers with two
or more adjacent B units. In many cases, the Z-isomers were not observable by NMR after
purification which suggests an upper limit of 3-5% contamination. In order to facilitate further
elaboration of the oligomers, including the possibility of incorporating them into polymeric
materials in the future, each OPV was prepared with a bromide group on one terminus and a nitrile

on the other.
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2.3.2 Computational Approach

All computational experiments in this chapter were conducted by Dr. Casey Campbell and
Prof. Hutchison. These results are an indispensable part of the current study, and are thus included
in this chapter. Computational methods offer an easy mechanism to screen optoelectronic
properties of m-conjugated materials.>®>> While density functional theory (DFT)-computed orbital
eigenvalues are non-physical,®®>” numerous studies have found a high degree of correlation
between these energies and vertical ionization potentials and electron affinities®° as well as
accurate predictions of optical band gaps.*® For solution electrochemistry, the redox potentials can
be determined based on the free energy change,®%-%! such as the adiabatic difference in total energy
between the neutral and charged systems (ASCF). In many cases, systematic deviations reflect a
linear free energy relationship® between computed and experimental properties, which can be
captured simply by linear regression. This regression also corrects for other errors, such as
differences in computed and experimental conformations.

Since our objective was to reliably and accurately screen for targeted properties of

sequenced oligomers, the regression techniques were extended by use of a “consensus model” to

minimize both systematic and random errors, i.e., to improve accuracy and correlation. The
consensus model employed here combines two different computational predictions of an
experimental property using multivariate regression, e.g., oxidation potential. For redox potentials,
DFT eigenvalues and adiabatic total energy differences (ASCF) were used, and for optical
absorption energies and oscillator strengths, ZINDO and time-dependent DFT (TDDFT) methods

were combined.
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The computational method was originally developed and calibrated using optical and
electrochemical data from sequenced 2-, 3-, and 4-mers. The method was then used to predict the
properties of all possible hexamer sequences with a 1:1 A:B ratio (Table 2). Using these data,
three hexamers with specifically targeted behavior, Br-AABBBA’-CN, Br-BBAAAB’-CN and
Br-BABABA’-CN, were selected for synthesis. Prior to discussing the computational
results/predictions in more detail, however, the characterization data for all oligomers are

presented.

2.3.3 Optical Spectroscopy

The optical spectra of the oligomers vary significantly with sequence (Table 2, Figure 13,
and Appendix A for all spectra). With increasing oligomer length, from trimers (383-412 nm),
tetramers (408-437 nm), pentamers (427-449 nm) to hexamers (430-462 nm), the absorption
maxima shift to longer wavelengths. This shift is consistent with an increased conjugation length.
Overall, the absorption maxima of the trimer, tetramer and hexamer series vary over a range of
~30 nm and the optical HOMO-LUMO gaps, estimated at the onset of absorption, vary over a
range ~0.25 eV.

Sequence can be seen to affect the absorption maxima and optical HOMO-LUMO gaps of
the trimers. The three trimers, Br-BAA’-CN, Br-ABA’-CN and Br-AAB’-CN, each of which
comprises one B unit and two A units, exhibit absorption maxima ranging from 383-406 nm. A 23
nm difference in absorption maxima and 0.21 eV in optical band gap were observed. For these
three trimers, the emission maxima in both solution (433-477 nm) and thin film (507-514 nm)
follow a similar trend to A2PS,. There is, however, a noticeable red shift from solution state to in
the solid state that is consistent with aggregation.53-64

31



) s
s 10l Br-AABB'-CN e 12| BrAABBBA-CN
% Br-ABAB'-CN S 40| Br-BABABA-CN
s 08f g“giig"g: ° Br-BBAAAB'-CN
0 I L = 8t
2 06} Z
&2 ..a 6}
= 04t =
d £ bs
e o)
s 0.2f 2 L
Q E ot
< S
— 0.0‘ ] 0-
<_U L . 1 . L . E 2 N 2 N 1 "
§ 300 400 500 600 300 400 500 600
Wavelength/nm Wavelength/nm
500 < 120
= Br-AABB-CN = Br-AABBBA'-CN
= 400} Br-ABAB-CN = 100 Br-BABABA'-CN
5 BEABEACN S 80 Br-BBAAAB-CN
é 300} Br-BAAB'-CN =) -
> =
£ 200} S
C = d 3 .
8 100 £
I= [ 20
& -
% O il L 'l % O 'l 1 il
= 500 600 700 = 500 600 700
Wavelength/nm Wavelength/nm

Figure 13. Absorption and emission spectra in CHCls: (a) absorption spectra for selected tetramers; (b) absorption
spectra for hexamers; (c) emission spectra for selected tetramers; and (d) emission spectra for hexamers.

The absorption spectra of Br-ABBA’-CN, Br-BAAB’-CN, and a representative
alternating (Br-BABA’-CN) and blocky (Br-AABB’-CN) sequence are presented in Figure 13.
Among the tetramers, the sequence with the smallest band gap is Br-ABBA’-CN (2.47 eV), while
the complementary sequence, Br-BAAB’-CN (2.72 eV), exhibits the largest. The alternating
sequences (Br-ABAB’-CN and Br-BABA’-CN) and the blocky sequences (Br-AABB’-CN and
Br-BBAA’-CN) are intermediate (~2.56 eV). The effect of Z-isomer contamination on the optical
spectra is negligible, as the materials were prepared with high E-selectivity (vide infra).

Sequence also impacts the absorption profile of the oligomers. Several sequences exhibit a
well-separated higher energy absorption band. These tended to be sequences with AA or BB

blocks, for example Br-BBAA’-CN or Br-ABBA’-CN, among the tetramers. While the longer
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wavelength absorptions are primarily rt-rt* transitions delocalized across the entire oligomer, the

higher energy, weaker absorptions likely derive from excitations between BB and AA blocks.
These peaks, which were also found in the computational results, arise from shorter geometric
distances and, thus exhibit smaller transition dipole moments.

The range of band gaps for the pentamer series is smaller (0.13 eV) than that of tetramers.
Two pentamers, Br-AABBB’-CN and Br-BABAB’-CN, which differ only in their monomer
sequence, exhibit an optical bandgap variance of 0.1 eV. A larger sequence effect on optical
properties was observed, however, for the hexamers. These oligomers exhibited optical band gaps
that differed by 0.24 eV, similar to the tetramer series. Consistently, the absorption maxima of
hexamers exhibited a reasonably large range (32 nm). The sequence Br-AABBBA’-CN exhibits
the smallest band gap (2.29 eV) and largest absorption maxima (462 nm), while the
complementary sequence Br-BBAAAB’-CN has the largest optical band gap (2.53 eV) and
smallest absorption maxima (430 nm). The alternating hexamer Br-BABABA’-CN exhibits
intermediate properties (Optical band gap 2.46 eV and absorption maxima 509 nm). It is important

to point out that these results match order predicted from computational model (vide supra).
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Table 2. Optical properties of sequenced OPVs.

Oligome e e e e
Br-AA’-CN 327 54.5 379 463 3.44
Br-BA’-CN 309, 362 28.1,29.2 450 460 2.97
Br-AB’-CN 316, 364 294,249 418 443 2.99
Br-BB’-CN 303, 380 16.9, 26.6 450 519 2.89
Br-AAB’-CN 385 93.2 433 507 2.86
Br-BAA’-CN 383 73.2 476 497 2.84
Br-BAB’-CN 396 72.4 474 504 2.77
Br-ABA’-CN 334, 406 37.9, 50.2 477 514 2.65
Br-ABB’-CN 329, 412 34.0,53.8 478 524 2.63
Br-BBA’-CN 333, 412 29.4,53.9 488 522 2.62
Br-BAAB’-CN 408 93.3 485 512 2.72
Br-ABAB’-CN 422 73.9 499 549 2.58
Br-BABA’-CN 425 89.9 492 534 2.56
Br-BBAA’-CN 366, 424 41.4,86.2 515 553 2.56
Br-AABB’-CN 360, 425 47.9, 83.7 492 o547 2.55
Br-ABBA’-CN 337, 437 35.3,78.3 511 541 2.47
Br-AABBB’-CN 351,449 35.5, 90.7 522 578 2.43
Br-BABAB’-CN 435 97.7 508 557 2.52
Br-BBAAA’-CN 427 78.1 500 583 2.56
Br-AABBBA’-CN 342,462 40.8,94.0 538 616 2.29
Br-BABABA’-CN 448 112.2 509 580 2.46
Br-BBAAAB’-CN 430 108 494 566 2.53

@ Measured in ~10® M chloroform solution ° Calculated at A225.: ¢ Thin film, cast from chloroform solution; ¢
Determined at the onset of the absorption spectrum.
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2.3.4 Electrochemistry

OCgH13 OCgH13 OCgHq3  OCgH13
L ALALAL )N 5 LA AL RAL N
CsH130 CgH130 CgH130  CgHy30

20
20}
o} CV )
< 0 <§_ 0
= =
- =19 -10
-20.
20+
e S R 3 2 4 0 1 2
E(V) vs. Ag/Ag” E(V) vs. Ag/Ag”
10
gl DPV
s| Oxidation &
<
= =
= 4l =
2t
07 o8 12 19 9 04 08 12 16
E(V) vs. Ag/Ag" E(V) vs. Ag/Ag”
0 0
At
2t 2f
<
5 3 EX
= 4 DPV
5l Reduction |
8228 24 20 16 12 08 32 28 24 20 16 12 08
E(V) vs. Ag/Ag’ E(V) vs. Ag/Ag”

Figure 14. Cyclic voltammograms and differential pulse voltammograms of Br-BAAB’-CN and Br-ABBA’-CN in
THF.
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Table 3. Electrochemical properties of sequenced OPVs.

Oligomer f{?}(aka f{g/ggka /Af\gjgpb
Br-AA’-CN 1.45 -1.93 3.38
Br-BA’-CN 1.06 -1.96 3.02
Br-AB’-CN 1.23 -1.94 3.17
Br-BB’-CN 1.06 -2.17 3.23
Br-AAB’-CN 1.06 -1.94 3.00
Br-BAA’-CN 0.95 -1.93 2.88
Br-BAB’-CN 0.97 -1.97 2.94
Br-ABA’-CN 0.84 -1.92 2.76
Br-ABB’-CN 0.81 -1.93 2.74
Br-BBA’-CN 0.78 -1.94 2.72
Br-BAAB’-CN 0.87 -1.94 2.81
Br-ABAB’-CN 0.69 -2.02 2.71
Br-BABA’-CN 0.69 -1.98 2.67
Br-BBAA’-CN 0.65 -1.99 2.64
Br-AABB’-CN 0.70 -1.99 2.69
Br-ABBA’-CN 0.67 -1.95 2.62
Br-AABBB’-CN 0.63 -1.97 2.60
Br-BABAB’-CN 0.70 -1.96 2.66
Br-BBAAA’-CN 0.69 -1.96 2.65
Br-AABBBA’-CN 0.54 -1.92 2.46
Br-BABABA’-CN 0.64 -1.94 2.58
Br-BBAAAB’-CN 0.67 -1.99 2.66

*Potential vs. Ag/Ag*, 240 uM in 0.1 M BusNPFg in THF; "Determined as AEgs, = e(Epgak — E{,fgk);

The electrochemistry of the oligomers is also strongly dependent on sequence (Figure 14,

Table 3 and Appendix A for the complete data set). Similar to the optical band gaps, with
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increasing oligomer length and increased conjugation lengths, the electrochemical band gap for
trimers (2.72-3.00 eV), tetramers (2.62-2.81 eV), pentamers (2.60-2.65 eV) to pentamers (2.46-
2.66 eV) also decreased.

All oligomers with sequences containing multiple B units exhibit multiple oxidation peaks
in their differential pulse voltammograms (DPVs). The first oxidation potentials of the oligomers
demonstrate clear dependence on sequence and follow similar trends to the absorption maxima.
The number of oxidation peaks and the shapes of the oxidation profiles clearly demonstrate
sequence dependence as well, although there is not an obvious trend. The reduction potentials
show little dependence on sequence, composition, or conjugation length. With few exceptions, the
first reduction potential is at ca. —1.90 V vs. Ag/Ag", likely due to reduction of the cyano group.

For the trimer series with 2:1 A to B ratio, Br-AAB’-CN, Br-BAA’-CN, and Br-ABA’-
CN, the first oxidation peak show a range from 0.84 eV to 1.06 eV with a difference of 0.22 eV
due to sequence. For the trimer series with a 1:2 A to B ratio, Br-BAB’-CN. Br-ABB’-CN and
Br-BBA’-CN, the first oxidation peaks also exhibited a difference of 0.19 eV.

For the tetramer series, the first oxidation potentials vary over a range of ~200 mV in THF,
with Br-BAAB’-CN exhibiting the highest first oxidation potential, and the complementary Br-
ABBA’-CN exhibiting a much lower oxidation potential (0.87 and 0.67 V vs. Ag/AgT,
respectively). The alternating and blocky sequenced tetramers fall in between, with one exception;
Br-BBAA’-CN exhibits the least positive first oxidation potential.

Since the first reduction potentials exhibit minimal variation, the differences in magnitude
of the electrochemical HOMO-LUMO gaps, AEgg,,, are related to the first oxidation potentials.
The trend based on sequence effects for electrochemical band gaps as well as the variation for each

oligomer series (i.e., trimers, tetramers) match that we observed on optical HOMO-LUMO gaps.
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However, in contrast to the optical band gaps, the electrochemical gaps exhibit greater variation
as a function of endgroup identity. In four out of five examples of inverse sequences (for example,
Br-ABB’-CN vs. Br-BBA’-CN), the optical bandgaps are similar despite notable changes in the
electrochemical band gap. Generally, it was observed that when the Br group was attached to the
B unit (B-first as written) the electrochemical gaps were smaller than the A-first isomers. A high
degree of correlation was otherwise observed between electrochemical and spectroscopic gaps (R?
=0.92).

We find a similar trend in the redox potentials of the hexamers as was found in the optical
spectroscopy. The sequence Br-AABBBA’-CN exhibits the lowest oxidation potential (0.54 V)

and smallest AEg:,(2.46 eV), while the complementary sequence Br-BBAAAB’-CN has the
highest oxidation potential (0.67 V) and largest AEgS,(2.66 eV). The alternating hexamer Br-

BABABA’-CN exhibits intermediate properties. The range of gaps is 0.2 eV, in close agreement

with the spectroscopic range of 0.24 eV.
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Figure 15. DSC thermograms of all six sequenced tetramers and all three sequenced hexamers.
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2.3.5 Thermal Properties

Table 4. Thermal properties of the sequenced OPVs

Oligomer Tisn?/°C Tic?/°C  TP/°C
Br-AA’-CN 197 — 151, 167
Br-BA’-CN 83.2 — 30.6
Br-AB’-CN 74.7° — —
Br-BB’-CN 96.3 — 68.8
Br-AAB’-CN 105 — 41.6
Br-BAA’-CN 125°¢ — —
Br-BAB’-CN 104 — 77.8
Br-ABA’-CN 185 64.8° 79.5, 85.3,92.7
Br-ABB’-CN 114 — 43.2
Br-BBA’-CN 109 — —
Br-BAAB’-CN 119 81.2 —
Br-ABAB’-CN 123 85.0 41.7
Br-BABA’-CN 94 75.4 —
Br-BBAA’-CN 116 111, 57.5
Br-AABB’-CN 144 66.3° 114,121
Br-ABBA’-CN 191 — 124
Br-AABBB’-CN 169 160 156
Br-BABAB’-CN 130 110 106
Br-BBAAA’-CN 171 86.2° 153
Br-AABBBA’-CN 184 178, 161 165,169
Br-BABABA’-CN 134 92,105 55.3
Br-BBAAAB’-CN 122 — —

a Exothermic transition observed on second heating scan; ® Exothermic transition observed on second cooling scan; ¢
Transition observed in first scan only

Although not targeted for computational prediction in this investigation, the thermal
properties of the prepared oligomers were also acquired and found to depend on sequence (Figure
15, Table 4). All oligomers were crystalline with melting points (Tiso) ranging from 80-170 °C and

most exhibited clear crystallization exotherms (T¢) during differential scanning calorimetry (DSC).
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Oligomers with two unsubstituted terminal A monomers, Br-AA’-CN, Br-ABA’-CN, Br-
ABBA’-CN, and Br-AABBBA’-CN exhibited higher temperature melting transitions than other
sequences of the same length. Multiple melting transitions observed for several of the longer

oligomers are consistent with the existence of liquid crystalline phases with narrow ranges of

stability.
Table 5. Computed first oxidation and reduction peak potentials and optical excitation energies AEg,,” of
sequenced OPVs from consensus models.
Oligomer ;i?{ftw ;:jﬁw AEgay™” / eV
Br-AA’-CN 1.43 -1.97 3.41
Br-BA’-CN 1.13 -1.99 3.12
Br-AB’-CN 1.21 -1.99 3.20
Br-BB’-CN 1.03 -2.00 3.03
Br-AAB-CN 1.01 -1.97 207
Br-BAA’-CN 0.96 -1.97 2.93
Br-BAB’-CN 0.88 -1.98 2.85
Br-ABA’-CN 0.89 -1.96 2.85
Br-ABB’-CN 0.84 -1.99 2.82
Br-BBA’-CN 0.81 -1.97 2.78
"Br-BAAB>-CN 0.80 -1.96 276
Br-ABAB’-CN 0.75 -1.95 2.70
Br-BABA’-CN 0.72 -1.95 2.67
Br-BBAA’-CN 0.73 -1.95 2.67
Br-AABB’-CN 0.76 -1.96 2.72
Br-ABBA’-CN 0.69 -1.96 2.65
"Br-AABBB-CN 0.62 -1.97 258
Br-BABAB’-CN 0.65 -1.96 2.61
Br-BBAAA’-CN 0.66 -1.94 2.61
"Br-AABBBA’-CN 0.54 -1.97 251
Br-BABABA’-CN 0.61 -1.95 2.56
Br-BBAAAB’-CN 0.62 -1.96 2.59
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2.3.6 Comparison of Computed and Experimental Data

As stated above, the computational consensus models were calibrated by the experimental
results on the 2-, 3-, and 4-mers. In general, computed properties (Table 5) show only small
residual errors compared to their experimental counterparts. The main exception is the predicted
LUMO energies or ASCF(-) values, compared to the electrochemical first reduction potentials,
which are largely dominated by the localized cyano reduction. DFT calculations predict,
incorrectly, that the LUMOSs are strongly delocalized across the entire oligomer.

The mean unsigned errors (MUE) between computed and experimental parameters after
the linear regression analysis were found to be very low, as illustrated in Figure 16, with ~0.04
eV MUE for oxidation potentials (R? = 0.96), ~0.04 eV MUE for reduction potentials, ~0.07 eV
MUE for optical excitation energies (R? = 0.89), and ~10% MUE for optical absorption extinction
coefficients (R? = 0.94). The high degree of agreement is not surprising because the sequenced
oligomers define a closely analogous series, and the consensus technique minimizes systematic
and random errors.

Based on these consensus models, The properties of all 20 sequenced hexamers prior to
their synthesis (Table 16) were predicted, and found distinct differences, despite the subtle
variation in electronic structure of the B and A monomers. Br-rAABBBA’-CN was predicted to
exhibit the lowest HOMO energy and one of the smallest optical band gaps, while the
complementary sequence Br-BBAAAB’-CN had a higher HOMO energy and gap. The
conventional alternating sequences Br-ABABAB’-CN and Br-BABABA’-CN fell in between. As
observed experimentally, these predictions proved relatively correct, although the difference in the

experimental band gaps between hexamers was larger than that predicted. The calculated
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difference in predicted gaps spanned a range of only 0.05 eV, while the experimental gaps spanned
0.2 and 0.24 eV for optical and electrochemical data, respectively.

There are several possible explanations for this difference. It is well-known that using
TDDFT with conventional functionals underestimates band gaps in longer oligomers due to
incorrect asymptotic behavior. For this reason, when screening the hexamers, ZINDO calculations
were solely used. Also, such behavior has been observed previously and attributed to differences
in computed and experimental conformations.%>%® The calculations were performed on a low
energy conformation, tending towards planarity in longer oligomers, not a solution ensemble of
different conformations with shorter effective conjugation lengths.® This effect likely explains the
smaller range in predicted band gaps in the hexamers, compared with experiment. Still, sequence
determines both the orbital overlap and partial charge transfer between B and A monomers

involved in the electronic excitations, and also dictates conformation in solution.®?
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2.4  DISCUSSION

Using an iterative strategy, we prepared multiple unsymmetric para-phenylene-vinylene
oligomers with good E:Z selectivity that differ only in sequence. The product oligomers bear
functional endgroups that allow for further elaboration including potential inclusion as units in a
repeating sequence copolymer. Characterization of these oligomers establishes that the optical
absorption and emission energies and intensities, first oxidation potentials, and thermal properties
were all modulated by sequence.

The computational approach predicted the sequence-based optoelectronic properties of the
conjugated oligomers with outstanding agreement. We were able, as a result, to selectively prepare
longer oligomers with targeted characteristics. In particular, we both predicted and confirmed by
synthesis that the oxidation potentials and optical excitation energies would exhibit the following
trend: Br-AABBBA’-CN < Br-BABABA’-CN < Br-BBAAAB’-CN.

As discussed above, to facilitate synthesis and for future incorporation into polymers, we
used Br— and —CN endgroups. One might suppose, that given the subtle difference in electronic
structure between A and B monomers, the variation in optoelectronic properties is due solely to
endgroup effects (e.g., the electron-withdrawing ability of CN on A’ and B”) and not to sequence
effects. Instead, sequence generally dominated over endgroup effects except with the first
reduction potential, which was dictated by the terminal cyano group. To further elucidate these
effects, calculations were performed on tetramers and hexamers, both with, and without Br— and
—CN endgroups. While some variations in the exact pattern of sequence effects are found,
suggesting both sequence and endgroups have influence, the range of computed HOMO energies
and gaps was retained (i.e., a span of 0.15 eV and 0.23 eV for tetramers, with and without

endgroups, respectively).
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Evidence that sequence effects generally dominate over endgroups can also be seen
through the comparison of the optical spectra of specific compounds. The trimers Br-ABA’-CN
and Br-BBA’-CN have almost identical optical band gaps (2.65 eV and 2.62 eV, respectively).
When these trimers are extended with B and A monomers to form Br-ABAB’-CN and Br-BBAA’-
CN, however, their band gaps narrow but remain nearly identical despite the addition of different
endgroups. The tetramers Br-ABAB’-CN and Br-AABB’-CN have similar spectra (band gaps of
2.58 eV and 2.55 eV, respectively) while Br-BAAB’-CN shows a much higher optical band gap
(2.72 eV) despite the fact that all three tetramers have the same B’-CN endgroup. In another
example, the pentamers Br-AABBB’-CN and Br-BABAB’-CN have the same B’-CN endgroup
and exhibit an optical gap difference of 0.09 eV. When these pentamers are extended to hexamers
by adding an additional A’-CN unit to give Br-AABBBA’-CN and Br-BABABA’-CN the optical
gap difference almost doubles to 0.17 eV, a clear indication that retaining identical endgroups is
not sufficient to determine gaps.

The primary trend observed across all properties and the computational results, is that the
alternating sequences e.g., ABABAB or BABABA, are generally neither the highest nor lowest in
any category. A secondary widespread trend is that the oligomers that bear A monomers in both
the first and last positions tend to exhibit smaller HOMO-LUMO gaps, less positive first oxidation
potentials, and higher melting points. We also find that among absorption intensities (&), sequences
that bear B monomers in both the first and last positions (e.g., Br-BAAB’-CN or Br-BABAB’-
CN) exhibit larger extinction coefficients than their counterparts. Although we find these trends,
it is important to acknowledge that the use of complex sequences can lead to synergistic effects,
and thus unique “outliers.” The use of accurate, reliable computational screening methods makes

the identification of these unique sequences practical.
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2.5 CONCLUSIONS

This initial study is particularly promising despite the highly similar electronic
characteristics of the two monomers. Despite the modest differences in the monomers, relative to
true donor-acceptor pairs, we find a measurable difference in the sequenced oligomers across a
wide range of characteristics. Sequence effect on the widely adapted systems with greater variation
between donor and acceptor monomers are also studied and presented in the next chapter.

Control of sequence provides an entirely new dimension for optimization of conjugated
materials. In parallel with the extremely productive strategy of creating novel monomers, sequence
engineering offers a pathway to tailor targeted properties using existing, synthetically accessible
monomers. Finally, the future correlation of sequence with other properties of interest, e.g., hole
mobility, film morphology, and interfacial organization, should allow for the rational design of
materials from known monomers that can satisfy the multiplicity of criteria that are necessary for

the performance of these materials in real-world photovoltaic applications.

2.6 EXPERIMENTAL

2.6.1 Materials

Unless otherwise noted all compounds were purchased from Aldrich. Anhydrous DMF,
"BuLi (1.6 M in hexanes), and DIBAL-H (1.0 M in hexanes) were dispensed using air-sensitive
techniques. NBS was purchased from Alfa Aesar. Benzoyl peroxide and NBS were stored at -20

°C. KO'Bu was stored in a desiccator over anhydrous CaSOa. LiCl was purchased from Fisher
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Scientific and dried at 120 °C for at least 24 h. Anhydrous diethyl ether for lithiation reactions was
opened immediately prior to use. Reagent grade THF was used for most reactions; notably the
HWE reactions used reagent grade THF. DCM for reactions was purified by distillation from CaH>
or by passing through a column of alumina. All other reagents and solvents were used as received.
Column chromatography was carried out on standard grade silica gel (60 A pore size, 40-63 pm
particle size), which was purchased and used as received. Hexanes, dichloromethane, and ethyl
acetate used for column chromatography were purchased and used as received. Melting points for

all compounds were determined by DSC and are found in the main text in Table 4, listed as Tiso.

2.6.2 Synthesis

General HWE procedure. Aldehyde (Br-A-CHO, Br-B-CHO, or OPV-CHO) (1 eq.),
4-cyanobenzylphosphonate (P-A-CN or P-B-CN) (1.5 eq), and LiCl (2.3 eq) were dissolved in
THF (12 mL per mmol aldehyde) and cooled to 0°C under N2. KO'Bu (2.3 eq) was added portion-
wise over 5 minutes, and the reactions were allowed to come to RT overnight with stirring. The
reaction mixtures were poured into saturated aqueous NH4ClI (2.5 mL per mL THF). The aqueous
layers were extracted thrice with EtOAc or CH2Cl. (equal volume). The combined organic layers
were dried over MgSOg4, and the solvent was removed in vacuo. The residues were purified by
column chromatography. Yields and spectroscopic data for specific oligomers can be found in the
supporting information.

General DIBAL-H reduction procedure. OPV nitriles (1 eg.) were dissolved in dry
dichloromethane (5 mL per mmol nitrile) and cooled to 0 °C. DIBAL-H (1.0 M in hexanes, 1.1
eq) was added dropwise. The reaction mixtures were stirred at 0 "C for 1 h. Wet silica (0.4 mL
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H20 and 1.3 g SiO2 per mmol nitrile) was added and the mixture was stirred at 0 ‘C for 1 h. Then,
K2>CO3 (0.5 g per mmol nitrile) and MgSQOa4 (0.5 g per mmol nitrile) were added. The mixtures
were filtered and the solids washed with dichloromethane. The combined filtrate and washes were
reduced in volume in vacuo, and the residues were purified by column chromatography, except as
noted. Yields and spectroscopic data for specific oligomers can be found in the supporting

information.

2.6.3 Spectroscopy

NMR Spectroscopy. *H (300 and 400 MHz) and 3C (75, 100 and 150 MHz) NMR spectra
were recorded on Bruker spectrometers. Chemical shifts were referenced to residual *H or 3C
signals in deuterated solvents (7.27 and 77.0 ppm, respectively, for CHCl3z and 5.32 and 54.0 ppm,
respectively, for CH.Cly).

Mass Spectrometry. HRMS were recorded on El-quadrupole or ESI-TOF instruments in
the Mass Spectrometry Facility of the University of Pittsburgh.

Optical Spectroscopy. UV/VIS absorption spectra were recorded in CHCIs on a Perkin
Elmer Lambda 9 UV/VIS/NIR spectrometer. Solution (CHCI3) and film emission spectra were
recorded on a Varian Cary Eclipse fluorimeter. Films were drop cast on quartz slides from CHCls.

Thermal Analysis. DSC was performed on a Perkin Elmer Pyris 6 with a heating and

cooling rate of 10 "C/min.
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2.6.4 Electrochemistry

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were recorded on a
CHI Electrochemical Workstation Model 430a (Austin, TX). Data were collected using a three
electrode system consisting of a glassy carbon disk (3 mm dia.) as working electrode, a non-
aqueous Ag/Ag" reference electrode (1 mM AgNO:s in acetonitrile), and a Pt-wire as auxiliary
electrode in 0.1 M BusNPFs in THF freshly distilled from sodium. CV were recorded at 100 mV/s.
DPV parameters were as follows: scan rate of 25 mV/s, pulse amplitude 0.05 V and pulse period

0.16s.

2.6.5 Synthesis of Monomers

Although some of the starting materials and a selection of the oligomers have been
previously reported by others, the exact synthesis used and characterization data for all compounds

is included herein.

0"CgHys

Br
Br

Cq H430
6
1,4-dibromo-2,5-bis(hexyloxy)benzene (6). This compound has been previously
synthesized using a procedure in CCl4,” which we were unwilling to handle and unable to acquire
in the amounts necessary for our needs. A new procedure using methanol is described. Bromine

(70.0 mL, 1.36 mol) was added dropwise to methanol (650 mL) at 0° C. 5 (75.0 g, 269 mmol) was

added and the mixture was refluxed for 48 h. The reaction mixture was extracted with hexanes (4x
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250 mL). The combined organic layers were washed with 20% ag. NaHSO3 (2x 200 mL), water
(200 mL), and brine (200 mL). The solution was dried over MgSOs, and the solvent was removed
in vacuo. The residue was recrystallized (9:1 methanol:CH.Cl,) to give the title compound as a
white solid (88.5 g, 75%). *H NMR (CDCls, 300 MHz) § 0.93 (6H, t, J = 6.8 Hz), 1.30-1.40 (8H,
mult), 1.40-1.55 (4H, mult), 1.81 (4H, tt J = 6.8, 6.4 Hz), 3.95 (4H, t, J = 6.4 Hz), 7.09 (2H, s)
ppm. 3C NMR (CDCls) & 14.00 (CHs), 22.56 (CH2), 25.59 (CH2), 29.06 (CH>), 31.46 (CH>),
70.26 (OCH>), 111.09 (ArBr quat), 118.41 (Ar CH), 150.04 (ArO quat) ppm. HRMS calcd. for

C18H2802Br2: 434.0456 g/mol. Found: 434.0450 g/mol.

O"CgH13

Br \O

1Cq Hq30
Br-B-CHO (2)

4-bromo-2,5-bis(hexyloxy)benzaldehyde (2 or Br-B-CHO). This compound has been
previously reported, but the described synthesis by Li, et al.,%¢ was unsuitable for scale-up. We
modified the methods of Peng, et al.,%® which were used to produce a similar compound. Two
batches of 6 (34.9 g, 80.0 mmol each) were each dissolved in Et,O (150 mL) and cooled to 0 °C
under N2. "BuL.i (1.6 M in hexanes, 50 mL, 80 mmol) diluted with 100 mL Et,O was added to each
batch dropwise over 30 min. Anhydrous DMF (10.0 mL, 130 mmol) in Et,O (35 mL) was added
rapidly to each batch. The mixtures were removed from the cold bath and stirred at room
temperature for 2 h. The reactions were quenched into water (300 mL). The aqueous layers were
extracted with ether (3x100 mL). The organic layers were washed with brine (100 mL) and dried
over MgSOs. The solvent was removed in vacuo. The residues of both batches were combined and

recrystallized from hexanes and then methanol to give the title compound as a while solid (40.5 g,

66%). 'H NMR (CDCls, 300 MHz) & 0.80-0.95 (6H,mult), 1.30-1.40 (8H, mult), 1.40-1.55 (4H,
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mult), 1.75-1.90 (mult, 4H), 4.00 (2H, t, J = 6.4 Hz), 4.02 (2H, t, J = 6.4 Hz), 7.22 (1H, s), 7.30
(1H, s), 10.41 (1H, s) ppm. ®°CNMR (CDCls) & 13.95 (CHs3), 13.97 (CHs), 22.51 (CHy), 22.53
(CHy), 25.57 (CHy), 25.62 (CH2), 28.94 (CH,), 28.98 (CH?2), 31.42 (CH>), 69.76 (OCH>), 69.76
(OCHy), 110.52 (Ar CH), 118.39 (Ar CH), 120.89 (ArBr quat), 124.20 (Ar quat), 149.80 (ArO
quat), 155.71 (ArO quat), 188.86 (CHO) ppm. HRMS calcd. for C19H2003Br: 384.1300 g/mol.

Found: 384.1298 g/mol

H|-3|3CCOO’\F§/®/CN
P-A-CN (3)

4-(dimethoxyphosphorylmethyl)benzonitrile (3 or P-A-CN). p-Tolunitrile (7) (25.0 mL,
209 mmol) was added to 1,2-dicloroethane (400 mL) in a round-bottom flask with stirring. NBS
(18.8 g, 105 mmol), and benzoyl peroxide (2.55 g, 10.5 mmol) were added, and the mixture was
refluxed until the orange color disappeared (1.5 h). NBS (18.8 g, 105 mmol), and benzoyl peroxide
(2.55 g, 10.5 mmol) were added, and the mixture was refluxed again for 1.5 h. The reaction mixture
was allowed to stand overnight. The succinimide precipitate was removed by filtration. The filtrate
was washed successively with water (200 mL), sat. ag. NaHCO3s (200 mL), and brine (200 mL).
The organic solution was dried over MgSQg, and the solvent was removed in vacuo. The crude
product was dissolved in toluene (100 mL). Trimethyl phosphite (60.0 mL, 508 mmol) was added,
and the mixture was refluxed overnight. The solvent was removed in vacuo, and the crude product
was purified by column chromatography (silica gel, 4:1 CHClz:acetone) and then by
recrystallization (1:1 ethyl acetate:hexanes) to give the title compound as an off-white crystalline

solid (16.7 g, 35% over 2 steps). MP 79.0-81.0 °C. *H NMR (CDCls) 5 3.17 (2H, d, 2Ji.p = 22.4),

3.66 (6H, d, 3Jnp = 11.2 Hz), 7.37 (2H, dd, Jun = 8.4 Hz, Jup = 2.0 Hz), 7.58 (d, 2H, Jun = 8.0
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Hz) ppm. CNMR (CDCls, 300 MHz) § 32.92 (d, YJc-p = 137 Hz, CH>), 52.82 (d, 2Jc-r = 7 Hz,
OCHs), 110.84 (d, %Jc-p = 3 Hz, Ar quat), 118.45 (d, 8Jcp = 2 Hz, CN), 130.31 (d, 3Jcp = 6 Hz, Ar
CH), 132.14 (d, * Jc-r = 3 Hz, Ar CH), 137.02 (d, 2Jc.r = 10 Hz, Ar quat) ppm. MS (EI) 225 (M%),

129, 116, 109 (base) m/z. HRMS calcd for C10H12NO3P: 225.0556 g/mol. Found: 225.0555 g/mol.

0"CgHy3
1Cq Hy30
9

2-methyl-1,4-bis(hexyloxy)benzene (9). Based on our previous methods,*” KOH (40.0 g,
713 mmol) and Na»S,03 (86.0 g, 346 mmol) were dissolved in water (200 mL) in a 1 L round-
bottom flask and cooled on ice. 2-Methylhydroquinone (8) (42.8 g, 345 mmol), TBAB (5.0 g, 16
mmol), 1-bromohexane (100 mL, 712 mmol), and PhMe (100 mL) were added the order listed.
The mixture was refluxed with vigorous stirring for 40 h. The aqueous layer was extracted with
PhMe (2x 100 mL). The combined organic layers were washed with water (100 mL) and brine
(100 mL) and dried over MgSOas. The solvent was removed in vacuo. The residue was purified by
column chromatography (silica gel, 17:3 hexanes:CHCl>) to give the title compound as a yellow
liquid (86.3 g, 86%). *H NMR (CDCls) § 0.90-1.00 (6H, mult), 1.30-1.45 (8H, mult), 1.45-1.60
(4H, mult), 1.75-1.90 (4H, mult), 3.94 (2H, t, J = 6.4 Hz), 3.95 (2H, t, J = 6.4 Hz), 6.71 (1H, dd, J
=9.0 Hz, 3.0 Hz), 6.77 (1H, d, J =9.0 Hz), 6.79 (1H, d, J = 3.0 Hz) ppm. 3C NMR (CDCl3) 5 13.99
(CHs), 16.34 (CH3), 22.60 (CH2), 25.75 (CHa), 25.83 (CH2), 29.39 (CHy), 29.45 (CH>), 31.59
(CHy), 31.61 (CHz), 68.41 (OCH), 68.68 (OCH?2), 111.46 (Ar CH), 112.11 (Ar CH), 117.56 (Ar

CH), 128 (Ar quat), 151.39 (ArO quat), 152.78 (ArO quat) ppm. MS(EI): 292 (M"), 234, 221, 208,
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165, 150, 124 (base), 107, 95, 84, 77, 67, 55 m/z. HRMS calcd for C19H3202: 292.2402 g/mol.

Found: 292.2406 g/mol.

O"CgH13

Br

"Cq H130
10

1-bromo-2,5-bis(hexyloxy)-4-methylbenzene (10). 9 (37.5 g, 128 mmol) was dissolved
in 1,2-dichloroethane (375 mL). NBS (23.0 g, 129 mmol) and benzoyl peroxide (1.56 ¢, 6.44
mmol) were added and the mixture was refluxed for 5h. Hexanes (100 mL) was added to
precipitate succinimide. The filtrate was washed with water (3x 100 mL), sat. aqg. NaHCO3 (100
mL), and brine (100 mL). The solution was dried over MgSO4, and the solvent was removed in
vacuo. The residue was recrystallized from methanol to give the title compound as a white solid
(33.0 g, 69%). 'H NMR (CDCl3) & 0.90-1.00 (6H, mult), 1.30-1.40 (8H, mult), 1.45-155 (4H,
mult), 1.75-1.90 (4H, mult), 2.19 (3H, s), 3.90 (2H, t, J = 6.4 Hz), 3.96 (2H, t, J = 6.4 Hz), 6.76
(1H, s), 6.99 (1H, s) ppm. *3C NMR (CDCls, 300 MHz) § 13.98 (CHz), 14.00 (CHs3), 16.22 (CH3),
22.58 (CHy), 25.65 (CHy), 25.74 (CH2), 29.26 (CH2), 29.29 (CHs), 31.52 (CH>), 68.84 (OCH.>),
70.28 (OCH,), 108.88 (ArBr quat), 116.28 (Ar CH), 116.90 (Ar CH), 126.28 (Ar quat), 149.15
(ArO quat), 151.72 (ArO quat) ppm. MS (El): 372 (M*?), 370 (M*), 288, 286, 204, 202 (base),
164, 124, 94, 84, 77, 69 m/z. HRMS calcd for C19H3102Br: 370.1507 g/mol. Found: 370.1500

g/mol.

53



O"CgHy3
1Cq Hy30
11

2,5-bis(hexyloxy)-4-methylbenzaldehyde (11). Based on the methods of Peng, et al.,®® 10
(30.0 g, 80.1 mmol) was dissolved in Et2O (150 mL) and cooled to 0 °C under N2. "BuLi (1.6 M
in hexanes, 55 mL, 88 mmol) diluted with 100 mL Et,O was added dropwise over 30 min. DMF
(10.0 mL, 130 mmol) in Et.O (35 mL) was added rapidly. The mixture was removed from the cold
bath and stirred at room temperature for 2 h. The reaction was quenched by pouring into water
(300 mL). The aqueous layer was extracted with ether (3x 100 mL). The organic layers were
washed with brine (100 mL) and dried over MgSOa. The solvent was removed in vacuo. The
residue was purified by column chromatography (silica gel, 19:1 hexanes:EtOAC) to give the title
compound as an off-white solid (25.7 g, 99%). *H NMR (CDClsz, 300 MHz) § 0.85-0.95 (6H,
mult), 1.30-1.40 (8H, mult), 1.40-150 (4H, mult), 1.75-1.85 (4H, mult), 2.27 (3H, s), 3.94 (2H, t,
J=6.4 Hz), 401 (2H, t, J = 6.4 Hz), 6.79 (1H, s), 7.22 (1H, s), 10.41 (1H, s) ppm. 3°C NMR
(CDCl3) & 13.95 (CHa), 17.21 (CHs), 22.53 (CHy), 22.55 (CH>), 25.69 (CH>), 25.72 (CH>), 29.16
(CHa), 31.47 (CH2), 31.49 (CH2), 68.40 (OCH>), 69.10 (OCH,), 108.19 (Ar CH), 115.58 (Ar CH),
122.96 (Ar quat), 136.71 (Ar quat), 151.32 (ArO quat), 156.12 (ArO quat), 189.31 (CHO) ppm.
MS (EI): 320 (M*), 292, 236, 152 (base), 124, 91, 84 m/z. HRMS calcd for CaoH320s: 320.2351

g/mol. Found: 320.2349 g/mol.
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O"CeH13
CN

"Cg Hq30
12

2,5-bis(hexyloxy)-4-methylbenzonitrile (12). Based on the methods of Olah,” 11 (23.3
g, 73.6 mmol) and hydroxylamine hydrochloride (6.57 g, 94.5 mmol) were added to formic acid
(100 mL) in a round-bottom flask and refluxed for 1 h. The dark mixture was poured into ice water
(200 mL). The aqueous mixture was extracted with ether (3x50 mL). The combined organic layers
were washed with brine (50 mL) and dried over MgSOa. The solvent was removed in vacuo, and
the residue was purified by column chromatography (silica gel, 99:1 hexanes:EtOAC) to give the
title compound as an orange liquid (17.1 g, 78%). *H NMR (CDCls, 300 MHz) § 0.85-0.95 (6H,
mult), 1.30-1.40 (8H, mult), 1.40-150 (4H, mult), 1.75-1.85 (4H, mult), 2.24 (3H, s), 3.87 (2H, t,
J=6.4Hz), 3.98 (2H, t, J = 6.4 Hz), 6.75 (1H, s), 6.88 (1H, s) ppm. 3C NMR (CDCls) & 13.87
(CHs), 16.99 (CH3), 22.43 (CH2), 22.46 (CHy), 25.43 (CH2), 25.62 (CHy), 28.94 (CHy), 29.03
(CHa), 31.38 (CH2), 31.40 (CHy), 68.63 (OCHy), 69.44 (OCHy), 98.53 (CN quat), 114.41 (Ar CH),
115.33 (Ar CH), 116.83 (Ar quat), 134.64 (Ar quat), 150.76 (ArO quat), 154.97 (ArO quat) ppm.

. HRMS calcd for C20H32NO2: 318.2433 g/mol. Found: 318.2435 g/mol.

O"CgHy3
HsCO_ @
HaCO~F CN

Cg Hq30
P-B-CN (4)

2,5-bis(hexyloxy)-4-(dimethoxyphosphorylmethyl) benzonitrile (4 or P-B-CN). 12
(13.8 g, 43.5 mmol) was dissolved in 1,2-dichloroethane (70 mL). NBS (3.90 g, 43.8 mmol), and
benzoyl peroxide (0.540 g, 4.45 mmol) were added, and the mixture was refluxed until the orange
color disappeared (2 h). NBS (3.90 g, 43.8 mmol), and benzoyl peroxide (0.540 g, 4.45 mmol)
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were added, and the mixture was refluxed for a second 2 h. After standing undisturbed overnight,
the reaction mixture was filtered through a plug of silica and the solvent was removed in vacuo.
The crude product was dissolved in PhMe (30 mL). Trimethyl phosphite (16.0 mL, 136 mmol)
was added, and the mixture was refluxed overnight. The solvent was removed in vacuo, and the
crude product was purified by column chromatography (silica gel, 1:1 hexanes:EtOAC) to give the
title compound as a viscous orange liquid (11.7 g, 63% over 2 steps). *H NMR (CDCIs, 300 MHz)
8 0.80-0.90 (6H, mult), 1.25-1.35 (8H, mult), 1.40-150 (4H, mult), 1.70-1.80 (4H, mult), 3.24 (2H,
d, 2Jn.p=22.4 Hz), 3.66 (6H, d 3Ju.p = 11.2 Hz), 3.89 (2H, t, J = 6.4 Hz), 3.98 (2H, t, J = 6.4 Hz),
6.94 (1H, s), 6.96 (1H, d “Jr.p = 2.8 Hz) ppm. 13C NMR (CDCls) & 13.83 (CH3), 22.37 (CH>), 22.41
(CH>), 25.35 (CHy), 25.50 (CH>), 26.14 (d, “Jc-» = 138 Hz, CH.) 28.78 (CHz), 28.97 (CH>), 31.33
(CH2), 31.34 (CH>), 52.69 (d, 2Jc-p = 7 Hz, OCH3) 69.08 (OCHy>), 69.45 (OCH_), 100.24 (d, ®Jc.p
=3 Hz, CN quat), 115.36 (d, *Jc.p = 3 Hz, Ar CH), 115.33 (d, 3Jcp = 5 Hz, Ar CH), 116.31 (d, 5Jc.
p =2 Hz, Ar quat), 127.36 (d, 2Jc.r = 9 Hz, Ar quat), 150.06 (d, 3Jc-p = 7 Hz, ArO quat), 154.75 (d,
“Jcp = 3 Hz, ArO quat) ppm. . HRMS calcd for C2:HssNOsP™Na: 448.2229 g/mol. Found:

448.2237 g/mol.

2.6.6 Synthesis of Oligomers

o e

4-(4-bromostyryl)benzonitrile (Br-AA’-CN). This compound has been previously
prepared by HWE reactions,’® but not from 4-bromobenzaldehyde and P-A’-CN. According to the
general HWE procedure, 4-bromobenzaldehyde (1) ( 2.00 g, 10.8 mmol) , and P-A’-CN (3) (3.90

g, 16.2 mmol), and LiCl (1.40 g, 32.9 mmol) were dissolved in THF (100 mL) and cooled to 0 °C
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under N2. KOtBu (3.60 g, 32.1 mmol) was added portionwise over 5 minutes, and the reaction was
allowed to come to rt overnight with stirring. After workup, column chromatography (silica gel,
1:1 hexanes:DCM) gave the title compound as a white solid (2.60 g, 9.20 mmol, 85%)). *H NMR
(CD2Cl3, 400 MHz) 6 7.11 (1H, d, J = 16.4 Hz, trans CH=CH), 7.18 (1H, d, J = 16.4 Hz, trans
CH=CH), 7.42 (2H, d, J = 8.8 Hz, p-CsHa), 7.52 (2H, d, J = 8.8 Hz, p-C¢Ha), 7.59 (2H, d, J = 8.4
Hz, p-CeHa), 7.65 (2H, d, J = 8.4 Hz, p-CsHa) ppm. 2C NMR (CD:Cl,, 100 MHz) & 111.39 (Ar
quat), 119.41 (CN), 122.81 (ArBr quat), 127.45 (Ar CH), 127.99 (vinylene CH), 128.92 (Ar CH),
131.39 (vinylene CH), 132.46 (Ar CH), 133.06 (Ar CH), 135.97 (Ar quat), 141.96 (Ar quat) ppm.
MS (EI) 285 (M+2), 283 (M*), 204, 203 (base), 177, 176, 151, 127, 103 m/z. HRMS calcd for

CisH1o0NBr 282.9995 g/mol. Found: 282.9997 g/mol.

OCgH13
. O N O CN

CegH130
4-(4-bromo-2,5-bishexyloxystyryl)benzonitrile (Br-BA’-CN). According to the general
HWE procedure, Br-B-CHO (2) (1.272 g, 3.30 mmol), P-A’-CN (2) (1.115 g, 4.95 mmol), and
LiCl (321 mg, 7.57 mmol) were dissolved in THF (40 mL) and cooled to 0 °C under N2. KO'Bu
(850 mg, 7.57 mmol) was added portionwise over 5 minutes, and the reaction was allowed to come
to rt overnight with stirring. After workup, column chromatography (silica gel, 4:1 hexanes:DCM)
gave the title compound as a pale yellow solid (1.480 g, 96%). *H NMR (CDClz, 400 MHz) §
0.85-1.00 (6H, mult), 1.30-1.45 (8H, mult), 1.45-1.55 (4H, mult), 1.70-1.80 (4H, mult), 3.97 (2H,

t, J = 6.4 Hz, OCHy), 4.03 (2H, t, J = 6.4 Hz, OCHy), 7.13 (1H, 5), 7.13 (1H, s), 7.16 (1H, d, J =
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16.4 Hz, trans CH=CH), 7.52 (1H, d, J = 16.4 Hz, trans CH=CH), 7.60 (2H, d, J = 8.4 Hz, p-
CeHa), 7.64 (2H, d, J = 8.4 Hz, p-CsHa) ppm. 3C NMR (CD:Cl,, 100 MHz) § 14.36 (CHs), 14.39
(CHs), 23.18 (CH2), 26.24 (CH2), 26.39 (CHy), 29.76 (CH2), 29.81 (CHy), 32.11 (CHy), 70.18
(OCHy), 70.72 (OCH,), 111.04 (ArBr quat), 112.12 (Ar CH), 113.40 (Ar quat) 118.35 (Ar CH),
119.35 (CN), 125.93 (Ar quat), 127.15 (vinylene CH), 127.36 (Ar CH), 127.88 (vinylene CH),

133.03 (Ar CH), 142.75 (Ar quat), 150.34 (ArO quat), 151.95 (ArO quat) ppm.

OCgH13 OCgH13
N O \ O CN
CgH130 CgH130

4-(4-bromo-2,5-bishexyloxystyryl)-2,5-bishexyloxybenzonitrile (Br-BB’-CN).
According to the general HWE procedure, Br-B-CHO (2) (1.272 g, 3.30 mmol), P-B’-CN (4)
(2.106 g, 4.95 mmol), and LiCl (321 mg, 7.57 mmol) were dissolved in THF (40 mL) and cooled
to 0 °C under N2. KO'Bu (850 mg, 7.57 mmol) was added portionwise over 5 minutes, and the
reaction was allowed to come to rt overnight with stirring. After workup, column chromatography
(silica gel, 4:1 hexanes:DCM) gave the title compound as a bright yellow solid (2.240 g, 96%). *H
NMR (CD:Clz, 400 MHz) § 0.85-1.00 (12H, mult), 1.30-1.45 (16H, mult), 1.45-1.55 (8H, mult),
1.70-1.80 (8H, mult), 3.97 (4H, t, J = 6.4 Hz, OCHy), 4.02 (2H, t, J = 6.4 Hz, OCH>), 4.10 (2H, t,
J=6.4Hz, OCHy), 7.04 (1H, s), 7.13 (1H, s), 7.15 (1H, s), 7.18 (1H, s), 7.45 (1H, d, J = 16.8 Hz,
trans CH=CH), 7.51 (1H, d, J = 16.8 Hz, trans CH=CH) ppm. 3C NMR (CD:Cl,, 100 MHz) &
14.38 (CHa), 14.397 (CHa), 23.16 (CH>), 23.19 (CH2), 23.21 (CHy2), 26.13 (CH>), 26.26 (CH>),
26.37 (CH2), 29.64 (CHy), 29.72 (CH2), 29.79 (CH2), 29.84 (CHa), 32.09 (CH2), 32.13 (CH>),

70.04 (OCH3), 70.11 (OCHj), 70.18 (OCHj), 70.69 (OCHy), 100.82 (Ar quat), 110.73 (Ar CH),
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112.26 (Ar CH), 113.06 (ArBr quat), 116.97 (Ar CH), 117.25 (CN), 118.28 (Ar CH), 123.56
(vinylene CH), 126.69 (Ar quat), 127.16 (vinylene CH), 133.66 (Ar quat), 150.34 (ArO quat),
150.73 (ArO quat), 151.89 (ArO quat), 155.70 (ArO quat) ppm. MS (EIl): 685 (M+2, base), 683
(M"), 605, 349, 347, 267, 205, 85 m/z. HRMS calcd for C39HssNO4Br: 683.3549 g/mol. Found:
683.3540 g/mol.
OCgH13
N O \ O CN
CgH130

4-(4-bromostyryl)-2,5-bishexyloxybenzonitrile (Br-AB’-CN). According to the general
HWE procedure, 4-bromobenzaldehyde (1) (611 mg, 3.30 mmol), P-B’-CN (4) (2.106 g, 4.95
mmol), and LiCl (321 mg, 7.57 mmol) were dissolved in THF (40 mL) and cooled to 0 °C under
N2. KO'Bu (850 mg, 7.57 mmol) was added portionwise over 5 minutes, and the reaction was
allowed to come to rt overnight with stirring. After workup, column chromatography (silica gel,
9:1 hexanes:CHCIs) gave the title compound as a pale yellow solid (1.414 g, 92%). 'H NMR
(CD2Clz, 400 MHz) § 0.85-1.00 (6H, mult), 1.30-1.45 (8H, mult), 1.45-1.55 (4H, mult), 1.70-1.80
(4H, mult), 3.97 (2H, t, J = 6.4 Hz, OCHy), 4.09 (2H, t, J = 6.4 Hz, OCHy), 7.04 (1H, s), 7.158
(1H, s), 7.18 (1H, d, J = 17.2 Hz, trans CH=CH), 7.43 (2H, d, J = 8.0 Hz, p-CeHa), 7.44 (1H, d, J
= 17.2 Hz, trans CH=CH), 7.51 (2H, d, J = 8.0 Hz, p-CeHs) ppm. 13C NMR (CDCl,, 100 MHz)
§ 14.36 (CHs), 14.37 (CH3), 23.15 (CHy), 23.18 (CHy), 26.11 (CHy), 26.36 (CH2), 29.61 (CH>),
29.68 (CHy), 32.07 (CHa), 32.10 (CHy), 70.11 (OCH,), 70.24 (OCH>), 101.18 (Ar quat), 110.76
(Ar CH), 117.04 (Ar CH), 117.15 (CN), 122.50 (ArBr quat), 123.60 (vinylene CH), 128.87 (Ar
CH), 132.34 (vinylene CH), 132.43 (Ar CH), 132.81 (Ar quat), 136.69 (Ar quat), 150.79 (ArO

quat), 155.66 (ArO quat) ppm.
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Br\CHO

4-(4-bromostyryl)benzaldehyde (Br-AA’-CHO). This compound has been prepared
before by Heck’? and HWE" reactions. Our methodology greatly increases yield. According to
the general DIBAL-H procedure, Br-AA’-CN (448 mg, 1.80 mmol) was dissolved in DCM (10
mL) and cooled to 0 °C. DIBAL-H (1.0M in hexanes, 1.9 mL, 1.9 mmol) was added dropwise.
After workup, the solvent was removed in vacuo to give the title compound as a white solid (423
mg, 93%). H NMR (CD:Cly, 400 MHz) § 7.17 (1H, d, J = 16.4 Hz, trans CH=CH), 7.24 (1H, d,
J =16.4 Hz, trans CH=CH), 7.45 (2H, d, J = 8.4 Hz, p-C¢Ha4), 7.53 (2H, d, J = 8.4 Hz, p-CsHa),
7.68 (2H, d, J = 8.4 Hz, p-CeHa), 7.87 (2H, d, J = 8.4 Hz, p-CeHa), 9.99 (1H, s, CHO) ppm. 3C
NMR (CD2Cl,, 100 MHz) & 122.62 (ArBr quat), 127.52 (vinylene CH), 128.61 (Ar CH), 128.93
(vinylene CH), 130.63 (vinylene CH), 131.20 (Ar CH), 132.47 (Ar CH), 136.20 (Ar quat), 136.20
(Ar quat), 143.49 (Ar quat), 191.97 (CHO) ppm. MS (EI) 288 (M+2), 286 (M*), 178 (base), 152,
131, 107, 102, 89, 84, 76, 57 m/z. HRMS calcd for C15H11BrO: 285.9984 g/mol. Found: 285.9993

g/mol.
OCgH13
. O N O CHO
CeH130

4-(4-bromostyryl)-2,5-bishexyloxybenzaldehyde (Br-AB’-CHO). According to the
general DIBAL-H procedure, Br-AB’-CN (2.154 g, 4.446 mmol) was dissolved in DCM (25 mL)
and cooled to 0 °C. DIBAL-H (1.0M in hexanes, 4.5 mL, 4.5 mmol) was added dropwise. After
workup, column chromatography (silica gel, 3:2 hexanes:DCM) gave the title compound as a
yellow oil that crystallized on standing (2.095 g, 95%). *H NMR (CD.Cl,, 400 MHz) § 0.85-1.00
(6H, mult), 1.30-1.45 (8H, mult), 1.45-1.55 (4H, mult), 1.70-1.80 (4H, mult), 4.02 (2H, t, J = 6.4
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Hz, OCH>), 4.12 (2H, t, J = 6.4 Hz, OCH,), 7.20 (1H, s), 7.30 (1H, s), 7.22 (1H, d, J = 16.4 Hz,
trans CH=CH), 7.44 (2H, d, J = 8.4 Hz, p-CsHa), 7.49 (1H, d, J = 16.4 Hz, trans CH=CH), 7.51
(2H, d, J = 8.4 Hz, p-C¢Ha), 10.43 (1h, s, CHO) ppm. $3C NMR (CD2Cl,, 100 MHz) & 14.37 (CHa),
23.17 (CH2), 23.19 (CHy), 26.32 (CH2), 26.42 (CH2), 29.76 (CHa), 29.78 (CH>), 32.13 (CH>),
32.14 (CH>), 69.75 (OCHy), 69.85 (OCH3), 110.50 (Ar CH), 111.26 (Ar CH), 122.38 (ArBr quat),
124.14 (vinylene CH), 125.06 (Ar quat), 128.86 (Ar CH), 131.28 (vinylene CH), 132.40 (Ar CH),
134.13 (Ar quat), 136.89 (Ar quat), 151.33 (ArO quat), 156.68 (ArO quat), 189.25 (CHO) ppm.
MS (El): 488 (M+2), 486 (M™, base), 402, 374, 320, 318, 234, 206, 181, 165, 152, 119 m/z. HRMS

calcd for C27H3s03Br: 486.1770 g/mol. Found: 486.1763 g/mol.

OCgH+3

N O \ O CHO
CgH130

4-(4-bromo-2,5-bishexyloxystyryl)benzaldehyde (Br-BA’-CHO). According to the
general DIBAL-H procedure, Br-BA’-CN (2.560 g, 5.28 mmol) was dissolved in DCM (30 mL)
and cooled to 0 °C. DIBAL-H (1.0M in hexanes, 5.3 mL, 5.3 mmol) was added dropwise. After
workup, column chromatography (silica gel, 3:2 hexanes:DCM) gave the title compound as a
yellow solid (2.420 g, 94%). *H NMR (CD:Cly, 400 MHz) & 0.85-1.00 (6H, mult), 1.30-1.45 (8H,
mult), 1.45-1.55 (4H, mult), 1.70-1.80 (4H, mult), 3.98 (2H, t, J = 6.4 Hz, OCH>), 4.04 (2H, t, J =
6.4 Hz, OCH>), 7.13 (1H, s), 7.16 (1H, s), 7.21 (1H, d, J = 16.4 Hz, trans CH=CH), 7.57 (1H, d, J
= 16.4 Hz, trans CH=CH), 7.68 (2H, d, J = 8.4 Hz, p-CeHa), 7.86 (2H, d, J = 8.4 Hz, p-CsH4), 9.98
(1H, s, CHO) ppm. 3C NMR (CD,Clz, 100 MHz) & 14.37 (CHa), 14.39 (CHs), 23.19 (CH>), 26.25

(CHa), 26.41 (CHs), 29.79 (CHs), 29.83 (CH5), 32.13 (CHs), 70.20 (OCHj), 70.73 (OCH3), 112.10
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(Ar CH), 113.25 (ArBr quat), 118.36 (Ar CH), 126.19 (Ar quat), 126.93 (vinylene CH), 127.41
(Ar CH), 128.46 (vinylene CH), 130.62 (Ar CH), 135.96 (Ar quat), 144.27 (Ar quat), 150.35 (ArO

quat), 151.95 (ArO quat), 191.95 (CHO) ppm.

OCgHs3 OCgHs3
N O N O CHO
CeH130 CeH130

4-(4-bromo-2,5-bishexyloxystyryl)-2,5-bishexyloxybenzaldehyde (Br-BB’-CHO).
According to the general DIBAL-H procedure, Br-BB-CN (2.00 g, 2.92 mmol) was dissolved in
DCM (20 mL) and cooled to 0 °C. DIBAL-H (1.0M in hexanes, 3.0 mL, 3.0 mmol) was added
dropwise. After workup, column chromatography (silica gel, 4:1 hexanes:DCM) gave the title
compound as a yellow solid (1.843 g, 92%). *H NMR (CD,Clz, 400 MHz) § 0.85-1.00 (12H, mult),
1.30-1.45 (16H, mult), 1.45-1.55 (8H, mult), 1.70-1.80 (8H, mult), 3.98 (2H, t, J = 6.4 Hz, OCH>),
4.03 (2H, t, J = 6.4 Hz, OCHy), 4.04 (2H, t, J = 6.4 Hz, OCH>), 4.11 (2H, t, J = 6.4 Hz, OCHy),
7.13(1H, s), 7.17 (1H, s), 7.23 (1H, s), 7.30 (1H, s), 7.50 (1H, d, J = 16.8 Hz, trans CH=CH), 7.58
(1H, d, J = 16.8 Hz, trans CH=CH), 10.43 (1H, s, CHO) ppm. 3C NMR (CD-Cl,, 100 MHz) &
14.40 (CHs), 23.19 (CHy), 23.24 (CHz), 26.28 (CH2), 26.35 (CHy), 26.40 (CH>), 29.42 (CH>),
29.81 (CHz2), 29.83 (CHz2), 29.85 (CH?2), 32.14 (CH2), 32.17 (CH), 32.18 (CH>), 69.68 (OCH>),
69.78 (OCHz), 70.13 (OCH), 70.68 (OCH?2), 110.41 (Ar CH), 111.17 (Ar CH), 112.19 (Ar CH),
112.94 (ArBr quat), 118.29 (Ar CH), 124.05 (vinylene CH), 124.84 (Ar quat), 126.92 (Ar quat),
127.07 (vinylene CH), 135.02 (Ar quat), 150.35 (ArO quat), 151.28 (ArO quat), 151.89 (ArO
quat), 156.75 (ArO quat), 189.25 (CHO) ppm. MS (ESI): 711 (M+Na+2, base), 709 (M+Na), 631,

527, 365 m/z. HRMS calcd for C3sHs90sBr+Na: 709.3444 g/mol. Found: 709.3455 g/mol.
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OCgH13
NN
CgH130

4-(4-(4-bromostyryl)styryl)-2,5-bishexyloxybenzonitrile (Br-AAB’-CN). According to
the general HWE procedure, Br-AA’-CHO (700 mg, 2.44 mmol), P-B’-CN (4) (1.557 g, 3.66
mmol), and LiCl (237 mg, 5.59 mmol) were dissolved in THF (30 mL) and cooled to 0 °C under
N2. KO'Bu (627 mg, 5.59 mmol) was added portionwise over 5 minutes, and the reaction was
allowed to come to rt overnight with stirring. After workup, column chromatography (silica gel,
7:3 hexanes:DCM) gave the title compound as a yellow solid (1.166 g, 84%). *H NMR (CD:Cly,
400 MHz) §0.93 (6H, t, J = 7.0 Hz), 1.30-1.40 (8H, mult), 1.50-1.60 (4H, mult), 1.86 (4H, pent,
J=7.3Hz),3.98 (2H, t,J = 6.4 Hz, OCH,), 4.11 (2H, , J = 6.4 Hz, OCH?), 7.05 (1H, s), 7.09 (1H,
d, J = 16.4 Hz, trans CH=CH), 7.14 (1H, d, J = 16.4 Hz, trans CH=CH), 7.19 (1H, s), 7.25 (1H,
d, J = 16.4 Hz, trans CH=CH), 7.42 (2H, d, J = 8.8 Hz, p-CsHa), 7.48 (1H, d, J = 16.4 Hz, trans
CH=CH), 7.50 (2H, d, J = 8.8 Hz, p-CsH4), 7.53 (2H, d, J = 8.8 Hz, p-CsH.), 7.56 (2H, d, J = 8.8
Hz, p-CsHa4) ppm. 3C NMR (CD2Cl,, 100 MHz) § 14.38 (CHs), 23.16 (CH2), 23.18 (CH), 26.13
(CHy), 26.39 (CH?), 29.64 (CH2), 29.73 (CHy), 32.09 (CH?2), 32.13 (CH>), 70.15 (OCH>), 70.27
(OCHy), 100.95 (ArCN quat), 110.66 (Ar CH), 117.07 (Ar CH), 117.23 (CN), 121.89 (ArBr quat),
122.83 (vinylene CH), 127.52 (Ar CH), 127.81 (Ar CH), 128.13 (vinylene CH), 128.60 (Ar CH),
129.35 (vinylene CH), 132.16 (vinylene CH), 132.36 (Ar CH), 133.22 (Ar quat), 136.86 (Ar quat),
137.28 (Ar quat), 137.59 (Ar quat), 150.80 (ArO quat), 155.72 (ArO quat) ppm. MS (ES): 587
(M+2), 585 (M"), 419, 420, 251, 228, 181, 169, 131, 119, 100, 69 (base), 55 m/z. HRMS calcd for

CasH40NO2Br: 585.2242 g/mol. Found: 585.2240 g/mol.
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OCgH13 OCgHy3
L
CgH130 CgH130

4-(4-(4-bromostyryl)-2,5-bishexyloxystyryl)-2,5-bishexyloxybenzonitrile  (Br-ABB’-
CN). According to the general HWE procedure, Br-AB’-CHO (850 mg, 1.74 mmol), P-B’-CN
(4) (1.11 g, 2.61 mmol), and LiCI (170 mg, 4.01 mmol) were dissolved in THF (25 mL) and cooled
to 0 °C under N2. KO'Bu (450 mg, 4.01 mmol) was added portionwise over 5 minutes, and the
reaction was allowed to come to rt overnight with stirring. After workup, column chromatography
(silica gel, 4:1 hexanes:DCM) gave the title compound as a yellow solid (1.181 g, 86%). %). H
NMR (CD:Cl,, 400 MHz) & 0.85-0.95 (12H, mult), 1.30-1.45 (16H, mult), 1.45-1.60 (8H, mult),
1.80-1.95 (8H, mult), 3.98 (2H, t, J = 6.4 Hz, OCHy), 4.05 (2H, t, J = 6.4 Hz, OCH,), 4.07 (2H, t,
J = 6.4 Hz, OCHy), 4.10 (2H, t, J = 6.4 Hz, OCHy), 7.04 (1H, s), 7.13 (1H, d, J = 16.4 Hz, trans
CH=CH), 7.14 (1H, s), 7.15 (1H, s), 7.20 (1H, s), 7.42 (2H, d, J = 8.4 Hz, p-CeHa), 7.46-7.51 (4H,
mult) 7.59 (1H d, J = 16.8 Hz, trans CH=CH) ppm. **C NMR (CD2Cl,, 100 MHz) § 14.37 (CH3),
14.39 (CHs), 23.16 (CHy), 23.23 (CHz), 23.25 (CH2), 26.15 (CH.), 26.39 (CH>), 26.48 (CH>),
26.54 (CH), 29.66 (CHz2), 29.75 (CH2), 30.00 (CH2), 32.10 (CH.), 32.16 (CH), 32.16 (CH2),
69.96 (OCH?>), 70.02 (OCHy>), 70.08 (OCH), 70.19 (OCH>), 100.64 (ArCN quat), 110.59 (Ar CH),
110.91 (Ar CH), 111.31 (Ar CH), 117.07 (Ar CH), 117.32 (CN), 121.62 (ArBr quat), 122.99
(vinylene CH), 124.59 (vinylene CH), 127.22 (Ar quat), 127.50 (vinylene CH), 127.70 (Ar quat),
128.33 (vinylene CH), 128.56 (Ar CH), 132.31 (Ar CH) 133.97 (Ar quat), 137.50 (Ar quat), 150.74

(ArO quat), 151.66 (ArO quat), 151.94 (ArO quat), 155.72 (ArO quat) ppm. MS (ESI): 810

64



(M+Na+2, base), 808 (M+Na), 788, 786, 776, 685 (base)\m/z. HRMS calcd for C47HssNO4Br+Na:
808.3916 g/mol. Found: 808.3965 g/mol.
OCgH13
NN
CgH130

4-(4-(4-bromostyryl)-2,5-bishexyloxystyryl)benzonitrile (Br-ABA’-CN). According to
the general HWE procedure, Br-AB’-CHO (850 mg, 1.74 mmol), P-A’-CN (3) (588 mg, 2.61
mmol), and LiCl (170 mg, 4.01 mmol) were dissolved in THF (25 mL) and cooled to 0 °C under
N2. KO'Bu (450 mg, 4.01 mmol) was added portionwise over 5 minutes, and the reaction was
allowed to come to rt overnight with stirring. After workup, column chromatography (silica gel,
2:3 hexanes:DCM) gave the title compound as a yellow solid (950 mg, 92%). *H NMR (CD:Cly,
400 MHz) § 0.93 (6H, t, J = 7.0 Hz), 1.30-1.45 (8H, mult), 1.45-1.60 (4H, mult), 1.86 (4H, pent,
J=6.7 Hz), 4.06 (2H, t, J = 6.4 Hz, OCHy), 4.07 (2H, t, J = 6.4 Hz, OCHy), 7.13 (1H, d, J = 16.4
Hz, trans CH=CH), 7.135 (1H, s), 7.138 (1H, s), 7.18 (1H, d, J = 16.4 Hz, trans CH=CH), 7.42
(2H, d, J = 8.4 Hz, p-CsHa), 7.48 (1H, d, J = 16.4 Hz, trans CH=CH), 7.50 (2H, d, J = 8.4 Hz, p-
CeHa), 7.61 (1H, d, J = 16.4 Hz, trans CH=CH), 7.61 (2H, d, J = 8.8 Hz, p-CsHa), 7.65 (2H, d, J
= 8.8 Hz, p-CsHa) ppm. 3C NMR (CD:Clz, 100 MHz) & 14.39 (CHs), 23.23 (CHy), 26.51 (CHy),
29.98 (CHy), 32.20 (CHy), 70.02 (OCHy), 70.06 (OCHy), 110.83 (ArCN quat), 110.95 (Ar CH),
111.23 (ArCH), 119.61 (CN), 121.66 (ArBr quat), 124.55 (vinylene CH), 126.44 (Ar quat), 127.57
(Ar CH), 127.39 (vinylene CH), 127.57 (vinylene CH), 127.98 (Ar quat) 128.48 (vinylene CH),
128.58 (Ar CH), 132.30 (vinylene CH), 133.02 (Ar CH), 137.45 (Ar quat), 143.03 (Ar quat),

151.64 (ArO quat), 152.02 (ArO quat) ppm. MS (ES): 587 (M+2), 585 (M*), 485, 483, 419, 417,
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401, 317, 315, 290, 235, 206, 169, 152, 131, 116, 85, 69, 55 (base) m/z. HRMS calcd for

CasH40NO2Br: 585.2242 g/mol. Found: 585.2237 g/mol.

OCgH13

NN
CegHq30

4-(4-(4-bromo-2,5-bishexyloxystyryl)styryl)benzonitrile (Br-BAA’-CN). According to
the general HWE procedure, Br-BA’-CHO (1.10 g, 2.26 mmol), P-A’-CN (3) (761 mg, 3.38
mmol), and LiCl (220 mg, 4.01 mmol) were dissolved in THF (40 mL) and cooled to 0 °C under
N2. KO'Bu (583 mg, 5.19 mmol) was added portionwise over 5 minutes, and the reaction was
allowed to come to rt overnight with stirring. After workup, column chromatography (silica gel,
2:3 hexanes:DCM) gave the title compound as a yellow solid (1.305 g, 99%). *H NMR (CD:Cly,
400 MHz) & 0.93 (6H, t, J = 6.4 Hz), 1.30-1.45 (8H, mult), 1.50-1.60 (4H, mult), 1.83 (2H, pent,
J=6.8 Hz), 1.85 (2H, pent, J = 6.8 Hz), 3.97 (2H, t, J = 6.4 Hz, OCHy), 4.04 (2H, t, J = 6.4 Hz,
OCHy), 7.12 (1H, s), 7.14 (1H, d, J = 16.0 Hz, trans CH=CH), 7.16 (1H, s), 7.16 (1H, d, J = 16.4
Hz, trans CH=CH), 7.25 (1H, d, J = 16.0 Hz, trans CH=CH), 7.46 (1H, d, J = 16.4 Hz, trans
CH=CH), 7.55 (4H, br s, p-C¢Ha), 7.61 (2H, d, J = 8.8 Hz, p-CeHa), 7.65 (2H, d, J = 8.8 Hz, p-
CeHa) ppm. 3C NMR (CD:Cly, 100 MHz) & 14.39 (CH3), 23.21 (CH2), 26.26 (CH2), 26.42 (CH>),
29.84 (CHy), 29.86 (CH2), 32.14 (CHy), 32.15 (CH2), 70.22 (OCH?>), 70.74 (OCH>), 110.10 (ArCN
quat), 110.93 (Ar CH), 112.41 (ArBr quat), 118.35 (Ar CH), 119.52 (CN), 123.97 (vinylene CH),
126.87 (Ar quat), 127.06 (vinylene CH), 127.38 (Ar CH), 127.47 (Ar CH), 127.85 (Ar CH),
129.15 (vinylene CH), 132.34 (vinylene CH), 133.06 (Ar CH), 136.27 (Ar quat), 138.62 (Ar quat),

142.40 (Ar quat), 150.38 (ArO quat), 151.73 (ArO quat) ppm. MS (ESI): 610 (M+Na+2), 608
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(M+Na), 527, 365 (base)\m/z. HRMS calcd for C3sH40NO2Br+Na: 608.2140 g/mol. Found:

608.2094 g/mol.
OCgH13 OCgH13
CN
o~ NN
CeH430 CgH430

4-(4-(4-bromo-2,5-bishexyloxystyryl)styryl)-2,5-bishexyloxystyrylbenzonitrile  (Br-
BAB’-CN). According to the general HWE procedure, Br-BA’-CHO (1.10 g, 2.26 mmol), P-B’-
CN (4) (1.44 g, 3.38 mmol), and LiCl (220 mg, 4.01 mmol) were dissolved in THF (30 mL) and
cooled to 0°C under N2. KO'Bu (583 mg, 5.19 mmol) was added portionwise over 5 minutes, and
the reaction was allowed to come to rt overnight with stirring. After workup, column
chromatography (silica gel, 7:3 hexanes:DCM) gave the title compound as a yellow solid (1.687
g, 95%). *H NMR (CD.Cl,, 400 MHz) & 0.85-0.95 (12H, mult), 1.30-1.45 (16H, mult), 1.45-1.60
(8H, mult), 1.80-1.95 (8H, mult), 3.97 (2H, t, J = 6.4 Hz, OCH>), 3.98 (2H, t, J = 6.4 Hz, OCHb,),
4.04 (2H, t, J = 6.4 Hz, OCHy), 4.11 (2H, t, J = 6.4 Hz, OCHy), 7.04 (1H, s), 7.12 (1H, s), 7.16
(1H, d, J = 16.4 Hz, trans CH=CH), 7.16(1H, s), 7.19 (1H, s), 7.25 (1H, d, J = 16.4 Hz, trans
CH=CH), 7.46 (1H, d, J = 16.4 Hz, trans CH=CH), 7.48 (1H, d, J = 16.4 Hz, trans CH=CH), 7.55
(4H, br s, p-CeHa) ppm. 3C NMR (CD:Clz, 100 MHz) § 14.39 (CHs), 23.18 (CH2), 23.21 (CHy),
26.14 (CHy), 26.27 (CHy), 26.41 (CHy), 26.44 (CH2), 29.66 (CHy), 29.74 (CH>), 29.86 (CH>),
29.87 (CHy), 32.11 (CH2), 32.15 (CH>), 32.17 (CH_), 70.15 (OCH,), 70.23 (OCH>), 70.26 (OCHb>),
70.75 (OCH?), 100.88 (ArCN quat), 110.60 (Ar CH), 111.89 (Ar CH), 112.35 (ArBr quat), 117.05
(Ar CH), 117.25 (CN), 118.35 (Ar CH), 122.60 (vinylene CH), 123.77 (vinylene CH), 126.92 (Ar

quat), 127.45 (Ar CH), 127.79 (Ar CH), 129.21 (vinylene CH), 133.27 (vinylene CH) 133.27 (Ar
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quat), 136.99 (Ar quat), 138.36 (Ar quat), 150.38 (ArO quat), 150.78 (ArO quat), 151.72 (ArO
quat), 155.73 (ArO quat) ppm. MS (ESI): 810 (M+Na+2), 808 (M+Na), 788, 786, 711, 709, 691,

527 (base)\m/z. HRMS calcd for C47HssNO4Br+Na: 808.3916 g/mol. Found: 808.4011 g/mol.

OCgH13 OCgH13

o N-CN-L
CgH130 CgH130

4-(4-(4-bromo-2,5-bishexyloxystyryl)-2,5-bishexyloxystyrylstyryl)benzonitrile  (Br-
BBA’-CN). According to the general HWE procedure, Br-BB’-CHO (1.64 g, 2.39 mmol), P-A’-
CN (3) (807 mg, 3.58 mmol), were dissolved in THF (30 mL) and cooled to 0°C under N.. KO'Bu
(618 mg, 5.50 mmol) was added portionwise over 5 minutes, and the reaction was allowed to come
to rt overnight with stirring. After workup, column chromatography (silica gel, 1:1 hexanes:DCM)
gave the title compound as a yellow solid (1.610 g, 86%). *H NMR (CD.Clz, 400 MHz) & 0.85-
0.95 (12H, mult), 1.30-1.45 (16H, mult), 1.45-1.60 (8H, mult), 1.80-1.95 (8H, mult), 3.98 (2H, t,
J=6.4 Hz, OCHy), 4.04 (2H, t, J = 6.4 Hz, OCHy), 4.06 (2H, t, J = 6.4 Hz, OCHy), 4.07 (2H, t, J
=6.4 Hz, OCHy), 7.11 (1H, 5), 7.14 (1H, s), 7.17 (1H, s), 7.18 (1H, d, J = 16.4 Hz, trans CH=CH),
7.18 (1H, s), 7.45 (1H, d, J = 16.8 Hz, trans CH=CH), 7.50 (1H, d, J = 16.8 Hz, trans CH=CH),
7.62 (1H, d, J = 16.4 Hz, trans CH=CH), 7.62 (2H, d, J = 8.8 Hz, p-CeHa), 7.65 (2H, d, J = 8.8
Hz, p-CeHa) ppm. 3C NMR (CD2Cly, 100 MHz) § 14.40 (CHs), 14.42 (CH3), 14.43 (CHs), 23.20
(CH2), 23.24 (CHy), 23.26 (CHy), 26.29 (CH>), 26.42 (CHz), 26.50 (CHz), 26.54 (CHy), 29.88
(CH), 30.00 (CHz2), 30.02 (CH2), 32.15 (CH2), 32.19 (CH>), 32.21 (CH.), 32.24 (CH2), 69.97
(OCHy), 70.00 (OCHy), 70.15 (OCH?>), 70.69 (OCH,), 110.78 (Ar CH), 110.95 (Ar CH), 111.17

(ArCN quat), 111.95 (Ar CH), 112.13 (ArBr quat), 118.28 (Ar CH), 119.62 (CN), 124.15 (vinylene
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CH), 124.42 (vinylene CH), 126.14 (Ar quat), 127.21 (vinylene CH), 127.30 (Ar CH), 127.55 (Ar
quat), 127.64 (vinylene CH), 128.81 (Ar quat), 133.03 (Ar CH), 143.10 (Ar quat), 150.37 (ArO
quat), 151.58 (ArO quat), 151.68 (ArO quat), 152.05 (ArO quat) ppm. MS (ESI): 810 (M+Na+2),
808 (M+Na), 788, 786, 711, 709, 691, 527 (base)\m/z. HRMS calcd for Cs7HesNO4Br+Na:
808.3916 g/mol. Found: 808.4011 g/mol. MS (ESI): 810 (M+Na+2), 808 (M+Na), 786, 776, 707,

527, 365 (base)\m/z. HRMS calcd for C47HesNO4Br+Na: 808.3916 g/mol. Found: 808.3856 g/mol.

OCgH13
CHO
-
CgH130
4-(4-(4-bromostyryl)styryl)-2,5-bishexyloxybenzaldehyde (Br-AAB’-CHO).

According to the general DIBAL-H procedure, Br-AAB’-CN (375 mg, 0.635 mmol) was
dissolved in DCM (5 mL) and cooled to 0 °C. DIBAL-H (1.0M in hexanes, 0.75 mL, 0.75 mmol)
was added dropwise. After workup, column chromatography (silica gel, 7:3 hexanes:DCM) gave
the title compound as a yellow solid (308 mg, 82%). *H NMR (CD,Cl,, 400 MHz) & 0.93 (6H, t,
J=7.0 Hz), 1.30-1.40 (8H, mult), 1.50-1.60 (4H, mult), 1.86 (4H, pent, J = 7.1 Hz), 4.04 (2H, t, J
= 6.4 Hz, OCH2), 4.12 (2H, t, J = 6.4 Hz, OCH>), 7.09 (1H, d, J = 16.4 Hz, trans CH=CH), 7.14
(1H, d, J = 16.4 Hz, trans CH=CH), 7.22 (1H, s), 7.28 (1H, d, J = 16.4 Hz, trans CH=CH), 7.30
(1H, s), 7.41 (2H, d, J = 8.8 Hz, p-C¢Ha), 7.50 (2H, d, J = 8.8 Hz, p-CeHa), 7.53 (1H, d, J = 16.4
Hz, trans CH=CH), 7.54 (2H, d, J = 8.8 Hz, p-C¢Ha), 7.57 (2H, d, J = 8.4 Hz, p-CeHa), 10.44 (1H,
s, CHO) ppm. C NMR (CD:Cl, 100 MHz) & 14.39 (CHs), 23.16 (CHy), 23.18 (CHy), 23.21
(CH2), 26.33 (CH2), 26.44 (CHz), 29.79 (CH), 32.13 (CH?2), 32.17 (CHz), 69.76 (OCHz), 69.84

(OCH>), 110.47 (Ar CH), 111.07 (Ar CH), 121.85 (ArBr quat), 123.35 (vinylene CH), 124.89 (Ar

69



quat), 127.51 (Ar CH), 127.79 (Ar CH), 128.03 (vinylene CH), 128.58 (Ar CH), 129.37 (vinylene
CH), 132.11 (vinylene CH), 132.34 (Ar CH), 133.53 (Ar quat), 136.87 (Ar quat), 137.47 (Ar quat),
151.32 (ArO quat), 156.73 (ArO quat) 189.24 (CHO) ppm. MS (ES): 590 (M+2), 588 (M*), 420,
288, 286, 178 (base), 152, 131, 102, 90, 77, 69, 55 m/z. HRMS calcd for C3sH4103Br: 588.2239

g/mol. Found: 588.2239 g/mol.

OCgH13 OCgH13
O Lo
CgH130 CeH130

4-(4-(4-bromostyryl)-2,5-bishexyloxystyryl)-2,5-bishexyloxybenzaldehyde (Br-ABB’-
CHO). According to the general DIBAL-H procedure, Br-ABB’-CN (500 mg, 0.635 mmol) was
dissolved in DCM (5 mL) and cooled to 0 °C. DIBAL-H (1.0M in hexanes, 0.75 mL, 0.75 mmol)
was added dropwise. After workup, column chromatography (silica gel, 7:3 hexanes:DCM) gave
the title compound as a yellow solid (409 mg, 82%). *H NMR (CD.Cl,, 400 MHz) & 0.85-0.95
(12H, mult), 1.30-1.45 (16H, mult), 1.45-1.60 (8H, mult), 1.80-1.95 (8H, mult), 4.05 (2H, t, J =
6.4 Hz, OCHy), 4.06 (2H, t, J = 6.4 Hz, OCHy), 4.07 (2H, t, J = 6.4 Hz, OCHy), 7.04 (1H, s), 4.14
(2H, t, J = 6.4 Hz, OCHy), 7.13 (1H, d, J = 16.4 Hz, trans CH=CH), 7.15 (1H, s), 7.17 (1H, 9),
7.25 (1H, s), 7.30 (1H, s), 7.43 (2H, d, J = 8.4 Hz, p-CsHa), 7.50 (2H, d, J = 8.4 Hz, p-CsHa), 7.50
(1H d, J =16.4 Hz, trans CH=CH), 7.53 (1H d, J = 16.8 Hz, trans CH=CH), 7.63 (1H d, J = 16.8
Hz, trans CH=CH), 10.43 (1H, s, CHO) ppm. 3C NMR (CD:Clz, 100 MHz) § 14.38 (CHa), 14.41
(CHs), 23.18 (CHy), 23.24 (CHy), 23.26 (CH2), 26.35 (CH), 26.44 (CHz), 26.50 (CH2), 26.53
(CH2), 29.81 (CHz2), 30.00 (CH2), 32.14 (CH>), 32.19 (CH.), 32.20 (CH.), 32.23 (CH2), 69.70

(OCHy), 69.78 (OCH2), 69.96 (OCH2), 69.99 (OCH2), 110.40 (Ar CH), 110.90 (Ar CH), 110.99
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(Ar CH), 111.22 (Ar CH), 121.59 (ArBr quat), 123.49 (vinylene CH), 124.61 (vinylene CH),
124.72 (Ar quat), 127.43 (Ar quat), 127.43 (vinylene CH), 127.57 (Ar quat), 128.24 (vinylene
CH), 128.55 (Ar CH), 132.30 (Ar CH) 135.31 (Ar quat), 137.51 (Ar quat), 151.27 (ArO quat),

151.67 (ArO quat), 151.92 (ArO quat), 156.79 (ArO quat), 189.25 (CHO) ppm.

OCgH 13
. O \ O \ O CHO
CgH130

4-(4-(4-bromostyryl)-2,5-bishexyloxystyryl)benzaldehyde (Br-ABA’-CHO).
According to the general DIBAL-H procedure, Br-ABA’-CN (375 mg, 0.635 mmol) was
dissolved in DCM (5 mL) and cooled to 0 °C. DIBAL-H (1.0M in hexanes, 0.75 mL, 0.75 mmol)
was added dropwise. After workup, column chromatography (silica gel, 2:3 hexanes:DCM) gave
the title compound as a yellow solid (302 mg, 81%). *H NMR (CDClz, 400 MHz) & 0.94 (6H, t,
J = 6.8 Hz), 1.30-1.45 (8H, mult), 1.45-1.60 (4H, mult), 1.80-1.95 (4H, mult), 4.06 (2H, t, J = 6.4
Hz, OCHy), 4.07 (2H, t, J = 6.4 Hz, OCHy), 7.13 (1H, d, J = 16.4 Hz, trans CH=CH), 7.14 (1H,
s), 7.15 (1H, s), 7.23 (1H, d, J = 16.8 Hz, trans CH=CH), 7.42 (2H, d, J = 8.4 Hz, p-C¢Ha), 7.49
(1H, d, J = 16.4 Hz, trans CH=CH), 7.50 (2H, d, J = 8.4 Hz, p-CsHa), 7.60 (1H, d, J = 16.8 Hz,
trans CH=CH), 7.69 (2H, d, J = 8.4 Hz, p-CeH4), 7.86 (2H, d, J = 8.4 Hz, p-CsH4), 9.98 (CHO)
ppm. 13C NMR (CDCly, 100 MHz) § 14.41 (CHs), 23.24 (CHa), 26.53 (CH5), 30.00 (CH_), 32.21
(CH2), 70.04 (OCH?y), 110.93 (Ar CH), 111.16 (Ar CH), 121.63 (ArBr quat), 124.57 (vinylene
CH), 126.69 (Ar quat), 127.36 (Ar CH), 127.36 (vinylene CH), 127.84 (Ar quat), 127.96 (vinylene
CH), 128.38 (vinylene CH), 128.57 (Ar CH), 130.62 (Ar CH), 132.30 (Ar CH), 135.83 (Ar quat),

137.47 (Ar quat) 144.56 (Ar quat), 151.65 (ArO quat), 152.00 (ArO quat), 191.94 (CHO) ppm.
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MS (ES): 590 (M+2), 588 (M"), 504, 476, 420, 422, 340, 265, 149, 131, 127, 91, 85, 69 (base)

m/z. HRMS calcd for C3sHs103Br: 588.2239 g/mol. Found: 588.2231 g/mol.

OCgH13
N O \ O \ O CHO

CgH130

4-(4-(4-bromo-2,5-bishexyloxystyryl)styryl)benzaldehyde (Br-BAA’-CHO).
According to the general DIBAL-H procedure, Br-BAA’-CN (375 mg, 0.635 mmol) was
dissolved in DCM (5 mL) and cooled to 0 °C. DIBAL-H (1.0M in hexanes, 0.75 mL, 0.75 mmol)
was added dropwise. After workup, column chromatography (silica gel, 7:3 hexanes:DCM) gave
the title compound as a yellow solid (348 mg, 93%). *H NMR (CD,Cl,, 400 MHz) & 0.95 (6H, t,
J = 6.0 Hz), 1.30-1.45 (8H, mult), 1.50-1.60 (4H, mult), 1.83 (2H, pent, J = 6.8 Hz), 1.85 (2H,
pent, J = 6.8 Hz), 3.97 (2H, t, J = 6.4 Hz, OCH>), 4.04 (2H, t, J = 6.4 Hz, OCHy), 7.12 (1H, s),
7.16 (1H, d, J = 16.8 Hz, trans CH=CH), 7.16 (1H, s), 7.19 (1H, d, J = 16.4 Hz, trans CH=CH),
7.29 (1H, d, J = 16.4 Hz, trans CH=CH), 7.46 (1H, d, J = 16.8 Hz, trans CH=CH), 7.56 (4H, br s,
p-CeHa), 7.68 (2H, d, J = 8.4 Hz, p-CsHa), 7.87 (2H, d, J = 8.4 Hz, p-CsHa), 9.98 (1H, s, CHO)
ppm. 3C NMR (CDCly, 100 MHz) & 14.40 (CHs), 23.20 (CHa), 23.22 (CHy), 26.26 (CH.), 26.42
(CH2), 29.84 (CH>), 29.86 (CH2), 32.14 (CH2), 32.15 (CH2), 70.20 (OCHy), 70.72 (OCHy), 111.88
(Ar CH), 112.35 (ArBr quat), 118.32 (Ar CH), 123.87 (vinylene CH), 126.87 (Ar quat), 127.41
(Ar CH), 127.46 (Ar CH), 127.63 (vinylene CH), 127.83 (Ar CH), 129.18 (vinylene CH), 130.63
(Ar CH), 132.34 (vinylene CH), 135.98 (Ar quat), 136.49 (Ar quat), 138.49 (Ar quat),143.89 (Ar

quat), 150.35 (ArO quat), 151.70 (ArO quat), 191.92 (CHO) ppm. MS (ES): 590 (M+2), 588 (M),
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422, 420, 221, 181, 131, 119, 100, 85, 69 (base) m/z. HRMS calcd for CzsH4103Br: 588.2239

g/mol. Found: 588.2230 g/mol.

OCgH13 OCgH13
OO
CgH130 CgH130
4-(4-(4-bromo-2,5-bishexyloxystyryl)styryl)-2,5-bishexyloxystyrylbenzaldehyde (Br-
BAB’-CHO). According to the general DIBAL-H procedure, Br-BAB’-CN (500 mg, 0.635
mmol) was dissolved in DCM (5 mL) and cooled to 0 °C. DIBAL-H (1.0M in hexanes, 0.75 mL,
0.75 mmol) was added dropwise. After workup, column chromatography (silica gel, 2:3
hexanes:DCM) gave the title compound as a yellow solid (426 mg, 85%). *H NMR (CD-Cl,, 400
MHz) & 0.85-0.95 (12H, mult), 1.30-1.45 (16H, mult), 1.45-1.60 (8H, mult), 1.80-1.95 (8H, mult),
3.97 (2H, t, J = 6.4 Hz, OCHy), 4.04 (4H, t, J = 6.4 Hz, OCHy), 4.12 (2H, t, J = 6.4 Hz, OCH>),
7.12 (1H, s), 7.16 (1H, s), 7.17 (1H, d, J = 16.4 Hz, trans CH=CH), 7.23 (1H, s), 7.29 (1H, d, J =
16.4 Hz, trans CH=CH), 7.31 (1H, s), 7.46 (1H, d, J = 16.4 Hz, trans CH=CH), 7.53 (1H, d, J =
16.4 Hz, trans CH=CH), 7.56 (4H, br s, p-CsHa), 10.44 ppm (1H, s, CHO) ppm. *C NMR (CD.Cl,
100 MHz) & 14.41 (CHs), 23.23 (CHy), 26.29 (CHy), 26.36 (CH>), 26.45 (CHy), 26.47 (CH>), 29.83
(CHy), 29.87 (CHy), 32.16 (CH>), 32.18 (CH.), 32.20 (CH>), 69.78 (OCH>), 69.85 (OCH?>), 70.22
(OCHy), 70.73 (OCH,), 110.49 (Ar CH), 111.03 (Ar CH), 111.97 (Ar CH), 112.32 (ArBr quat),
118.35 (Ar CH), 123.16 (vinylene CH), 123.70 (vinylene CH), 124.88 (Ar quat) 126.95 (Ar quat),
127.44 (Ar CH), 127.78 (Ar CH), 129.25 (vinylene CH), 133.20 (vinylene CH) 134.61 (Ar quat),

137.21 (Ar quat), 138.26 (Ar quat), 150.38 (ArO quat), 151.33 (ArO quat), 151.71 (ArO quat),
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156.76 (ArO quat), 189.22 (CHO) ppm. MS (ESI): 813 (M+Na+2), 811 (M+Na), 527, 365

(base)\m/z. HRMS calcd for C47HsaNO4Br+Na: 811.3913 g/mol. Found: 811.3898 g/mol.

OCgH13 OCgH13

N O \ O \ O CHO
CgH130 CgH130

4-(4-(4-bromo-2,5-bishexyloxystyryl)-2,5-bishexyloxystyrylstyryl)benzaldehyde (Br-
BBA’-CHO). According to the general DIBAL-H procedure, Br-BBA’-CN (500 mg, 0.635
mmol) was dissolved in DCM (5 mL) and cooled to 0 °C. DIBAL-H (1.0M in hexanes, 0.75 mL,
0.75 mmol) was added dropwise. After workup, column chromatography (silica gel, 7:3
hexanes:DCM) gave the title compound as a yellow solid (490 mg, 98%). *H NMR (CD-Cl,, 400
MHz) & 0.85-0.95 (12H, mult), 1.30-1.45 (16H, mult), 1.45-1.60 (8H, mult), 1.80-1.95 (8H, mult),
3.98 (2H, t, J = 6.4 Hz, OCHy), 4.04 (2H, t, J = 6.4 Hz, OCHy), 4.07 (2H, t, J = 6.4 Hz, OCH>),
4.08 (2H, t, J = 6.4 Hz, OCHy), 7.11 (1H, s), 7.16 (1H, s), 7.17 (1H, s), 7.18 (1H, s), 7.24 (1H, d,
J = 16.4 Hz, trans CH=CH), 7.45 (1H, d, J = 16.8 Hz, trans CH=CH), 7.50 (1H, d, J = 16.8 Hz,
trans CH=CH), 7.67 (1H, d, J = 16.4 Hz, trans CH=CH), 7.69 (2H, d, J = 8.0 Hz, p-CsHa), 7.86
(2H, d, J = 8.0 Hz, p-CeHa), 9.98 (1H, s, CHO) ppm. 3C NMR (CD:Clz, 100 MHz) & 14.42 (CHs3),
23.20 (CH2), 23.24 (CHy), 23.26 (CH2), 26.28 (CH2), 26.41 (CH,), 26.50 (CH2), 26.55 (CH>),
29.87 (CHz2), 30.02 (CH2), 32.15 (CH?2), 32.18 (CH>), 32.22 (CH>), 32.23 (CH), 70.00 (OCH>),
70.16 (OCHy), 70.69 (OCHy), 110.97 (Ar CH), 111.15 (Ar CH), 111.94 (Ar CH), 112.10 (ArBr
quat), 118.29 (Ar CH), 124.07 (vinylene CH), 124.45 (vinylene CH), 126.41 (Ar quat), 127.43
(vinylene CH), 127.34 (Ar CH), 127.59 (Ar quat), 127.81 (vinylene CH), 128.68 (Ar quat), 130.63

(Ar CH), 144.63 (Ar quat), 150.37 (ArO quat), 151.59 (ArO quat), 151.67 (ArO quat), 152.05
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(ArO quat), 191.94 (CHO) ppm. MS (ESI): 813 (M+Na+2), 811 (M+Na), 776, 711, 709, 691, 527,

365 (base) m/z. HRMS calcd for C47HssOsBr+Na: 811.3913 g/mol. Found: 811.3935 g/mol.

OCgH13 OCgH13
CN
oI )

4-(4-(4-(4-bromostyryl)styryl)-2,5-bishexyloxystyryl)-2,5-bishexyloxybenzonitrile
(Br-AABB’-CN). According to the general HWE procedure, Br-AAB’-CHO (200 mg, 0.341
mmol), P-B’-CN (4) (220 mg, 0.517 mmol), and LiCl (34.0 mg, 0.802 mmol) were dissolved in
THF (5 mL) and cooled to 0 °C under N2. KO'Bu (88.0 mg, 0.784 mmol) was added portionwise
over 5 minutes, and the reaction was allowed to come to rt overnight with stirring. After workup,
column chromatography (silica gel, 13:7 hexanes:DCM) gave the title compound as an orange
solid (293 mg, 97%). *H NMR (CD2Cls, 400 MHz) § 0.85-1.00 (12H, mult), 1.30-1.45 (16H, mult),
1.45-1.60 (8H, mult), 1.80-1.95 (8H, mult), 3.99 (2H, t, J = 6.4 Hz, OCH>), 4.06 (2H, t, J = 6.4
Hz, OCHy), 4.08 (2H, t, J = 6.4 Hz, OCHy), 4.11 (2H, t, J = 6.4 Hz, OCHy), 7.04 (1H, s), 7.08 (1H,
d, J = 16.4 Hz, trans CH=CH), 7.14 (1H, d, J = 16.4 Hz, trans CH=CH), 7.16 (1H, s), 7.17 (1H,
s), 7.20 (1H, d, J = 16.4 Hz, trans CH=CH), 7.21 (1H, s) 7.42 (2H, d, J = 8.4 Hz, p-CsHa), 7.47-
7.57 (8H, mult), 7.60 (1H, d, J = 16.4 Hz, trans CH=CH) ppm. 3C NMR (CD,Cl2, 100 MHz) &
14.38 (CHs3), 14.42 (CHs), 23.17 (CHzy), 23.23 (CH2), 23.25 (CHy), 23.27 (CH>), 26.15 (CH>),
26.39 (CH.), 26.50 (CHy), 26.55 (CH2), 29.66 (CH2), 29.76 (CH.), 30.01 (CH.), 30.03 (CH),
32.10 (CHy), 32.17 (CH2), 32.23 (CH.), 69.92 (OCH), 70.01 (OCH), 70.05 (OCH), 70.16
(OCH), 100.56 (ArCN, quat), 110.51 (Ar CH), 110.74 (Ar CH), 111.28 (Ar CH), 116.95 (Ar CH),

117.34 (CN), 121.73 (ArBr quat), 122.82 (vinylene CH), 123.84 (vinylene CH), 126.98 (Ar quat),
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127.43 (Ar CH), 128.43 (Ar CH), 128.52 (vinylene CH), 127.63 (vinylene CH), 128.05 (Ar quat),
128.05 (Ar CH), 128.55 (vinylene CH), 129.51 (vinylene CH), 132.32 (Ar CH), 133.98 (Ar quat),
136.83 (Ar quat), 136.97 (Ar quat), 138.11 (Ar quat), 150.72 (ArO quat), 151.63 (ArO quat),
151.96 (ArO quat), 155.72 (ArO quat) ppm. HRMS calc. for CssH7:NO4Br: 888.4566 g/mol.

Found: 888.4554 g/mol.

OCgH13 OCgH13
o N-CN-CN-Cr
CgHq30 CeH130
4-(4-(4-(4-bromostyryl)-2,5-bishexyloxystyryl)-2,5-bishexyloxystyryl)benzonitrile

(Br-ABBA’-CN). According to the general HWE procedure, Br-ABB’-CHO (300 mg, 0.380
mmol), P-A’-CN (3) (130 mg, 0.577 mmol), and LiCl (37.0 mg, 0.873 mmol) were dissolved in
THF (40 mL) and cooled to 0 °C under N2. KO'Bu (98.0 mg, 0.873 mmol) was added portionwise
over 5 minutes, and the reaction was allowed to come to rt overnight with stirring. After workup,
column chromatography (silica gel, 4:1 hexanes:DCM) gave the title compound as an orange solid
(300 mg, 89%). 'H NMR (CD:Clz, 400 MHz) & 0.85-1.00 (12H, mult), 1.30-1.45 (16H, mult),
1.45-1.60 (8H, mult), 1.80-1.95 (8H, mult), 4.05-4.10 (8H, mult), 7.11-7.19 (6H, mult), 7.42 (2H,
d, J = 8.4 Hz, p-CeHa), 7.48-7.52 (5H, mult), 7.61-7.66 (5H, mult) ppm. 3C NMR (CD-Cl,, 100
MHz) & 13.83 (CH3), 13.87 (CHs), 22.67 (CHz), 22.70 (CHy), 25.95 (CH2), 25.98 (CH>), 29.44
(CH2), 29.47 (CHy), 31.65 (CH,), 31.68 (CH>), 69.38 (OCHy), 69.42 (OCH.), 69.46 (OCHy),
110.18 (ArCN, quat), 110.21 (Ar CH), 110.32 (Ar CH), 110.36 (Ar CH), 110.35 (Ar CH), 119.07
(CN), 120.91 (ArBr quat), 123.33 (vinylene CH), 123.93 (vinylene CH), 126.73 (Ar CH quat),

126.83 (Ar quat), 126.99 (vinylene CH), 127.41 (Ar quat), 127.53 (Ar quat), 127.96 (vinylene
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CH), 128.01 (vinylene CH), 128.51 (Ar quat), 131.71 (Ar CH), 132.47 (Ar CH), 136.88 (Ar quat),
137.04 (Ar quat), 151.07 (ArO quat), 151.16 (ArO quat), 151.45 (ArO quat), 151.51 (ArO quat)

ppm. HRMS calc. for CssH7:NO4Br: 888.4566 g/mol. Found: 888.4586 g/mol.

OCgH13 OCgH13

NN
CgH130 CgH130
4-(4-(4-(4-bromostyryl)-2,5-bishexyloxystyryl)styryl)-2,5-bishexyloxybenzonitrile

(Br-ABAB’-CN). According to the general HWE procedure, Br-ABA’-CHO (200 mg, 0.341
mmol), P-B’-CN (4) (220 mg, 0.517 mmol), and LiCl (34.0 mg, 0.802 mmol) were dissolved in
THF (5 mL) and cooled to 0 °C under N2. KO'Bu (88.0 mg, 0.784 mmol) was added portionwise
over 5 minutes, and the reaction was allowed to come to rt overnight with stirring. After workup,
column chromatography (silica gel, 2:3 hexanes:DCM) gave the title compound as an orange solid
(268 mg, 88%). 'H NMR (CD,Cl, 400 MHz) § 0.85-1.00 (12H, mult), 1.30-1.45 (16H, mult),
1.45-1.60 (8H, mult), 1.80-1.95 (8H, mult), 3.99 (2H, t, J = 6.4 Hz, OCH>), 4.07 (4H, t, J = 6.4
Hz, OCHy), 4.11 (2H, t, J = 6.4 Hz, OCH>), 7.05 (1H, s), 7.05 (1H, d, J = 16.4 Hz, trans CH=CH),
7.15 (1H, s), 7.16 (1H, s), 7.19 (1H, s), 7.19 (1H, d, J = 16.4 Hz, trans CH=CH), 7.26 (1H, d, J =
16.4 Hz, trans CH=CH), 7.42 (2H, d, J = 8.4 Hz, p-CsHa), 7.48 (1H, d, J = 16.4 Hz, trans CH=CH),
7.49 (1H, d, J = 16.4 Hz, trans CH=CH), 7.49 (2H, d, J = 8.4 Hz, p-CeHa), 7.50 (1H, d, J = 16.4
Hz, trans CH=CH), 7.56 (4H, br s, p-CsHa4), ppm. 3C NMR (CDClz, 100 MHz) § 14.39 (CH3),
14.41 (CHs), 23.17 (CHy), 23.20 (CHz), 23.25 (CH2), 26.13 (CHy), 26.40 (CH>), 26.54 (CH>),
29.64 (CHy), 29.74 (CHy), 30.02 (CH2), 30.04 (CH2), 32.10 (CH.), 32.15 (CH.), 32.22 (CH>),

32.23 (CH>), 70.04 (OCHj), 70.05 (OCH>), 70.13 (OCHy), 70.23 (OCH>), 100.81 (ArCN, quat),
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110.54 (Ar CH), 110.85 (Ar CH), 110.97 (Ar CH), 117.03 (Ar CH), 117.27 (CN), 121.50 (ArBr
quat), 122.47 (vinylene CH), 124.17 (vinylene CH), 124.67 (vinylene CH), 127.05 (Ar quat),
127.41 (Ar CH), 127.78 (Ar CH), 127.96 (vinylene CH), 128.52 (Ar CH), 128.75 (vinylene CH),
132.27 (Ar CH, 133.29 (Ar quat), 136.83 (Ar quat), 137.57 (Ar quat), 138.60 (Ar quat), 150.76
(ArO quat), 151.71 (ArO quat), 151.72 (ArO quat), 155.71 (ArO quat) ppm. HRMS calc. for

CssH7:NO4Br: 888.4566 g/mol. Found: 888.4570 g/mol.

OCgH13 OCgH13
NN
CgHq30 CgH130
4-(4-(4-(4-bromo-2,5-bishexyloxystyryl)styryl)styryl)-2,5-bishexyloxybenzonitrile
(Br-BAAB’-CN). According to the general HWE procedure, Br-BAA’-CHO (200 mg, 0.341
mmol), P-B’-CN (4) (220 mg, 0.517 mmol), and LiCl (34.0 mg, 0.802 mmol) were dissolved in
THF (5 mL) and cooled to 0 °C under N2. KO'Bu (88.0 mg, 0784 mmol) was added portionwise
over 5 minutes, and the reaction was allowed to come to rt overnight with stirring. After workup,
column chromatography (silica gel, 7:3 hexanes:DCM) gave the title compound as an orange solid
(270 mg, 89%). 'H NMR (CD,Cl, 400 MHz) § 0.85-1.00 (12H, mult), 1.30-1.45 (16H, mult),
1.45-1.60 (8H, mult), 1.80-1.95 (8H, mult), 3.97 (2H, t, J = 6.4 Hz, OCH>), 3.99 (2H, t, J = 6.4
Hz, OCHy), 4.04 (2H, t, J = 6.4 Hz, OCHy), 4.11 (2H, t, J = 6.4 Hz, OCHy), 7.04 (1H, s), 7.11 (1H,
s), 7.16 (1H, d, J = 16.4 Hz, trans CH=CH), 7.16 (1H, s), 7.17 (2H, br s, trans CH=CH), 7.19 (1H,
s), 7.25 (1H, d, J = 16.4 Hz, trans CH=CH), 7.44 (1H, d, J = 16.4 Hz, trans CH=CH), 7.48 (1H,
d, J = 16.4 Hz, trans CH=CH), 7.54 (4H, br s, p-CeéHa), 7.56 (4H, br s, p-CsHa) ppm. 2C NMR

(CD2Clp, 100 MHz) & 14.40 (CHa), 23.17 (CHy), 23.21 (CHy), 23.22 (CHy), 26.13 (CH>), 26.27
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(CHa), 26.40 (CH2), 26.43 (CH2), 29.65 (CHz), 29.73 (CH2), 29.85 (CHy), 29.86 (CH>), 32.10
(CHy), 32.15 (CHy), 32.17 (CHy), 70.13 (OCHy), 70.22 (OCHy), 70.24 (OCHy), 70.72 (OCHb,),
100.85 (ArCN, quat), 110.59 (Ar CH), 111.85 (Ar CH), 112.21 (ArBr quat), 117.02 (Ar CH),
117.26 (CN), 118.32 (Ar CH), 122.63 (vinylene CH), 122.43 (vinylene CH), 127.05 (Ar quat),
127.44 (Ar CH), 127.80 (Ar CH), 128.43 (vinylene CH), 129.04 (vinylene CH), 129.32 (vinylene
CH), 132.21 (vinylene CH), 133.24 (Ar quat), 137.02 (Ar quat), 137.16 (Ar quat), 137.81 (Ar
quat), 137.98 (Ar quat), 150.36 (ArO quat), 150.77 (ArO quat), 151.67 (ArO quat), 155.71 (ArO

quat) ppm. HRMS calc. for CssH7:NO4Br: 888.4566 g/mol. Found: 888.4552 g/mol.

OCgH13 OCgH13
o NN
CgH130 CgH130
4-(4-(4-(4-bromo-2,5-bishexyloxystyryl)styryl)-2,5-bishexyloxystyryl)benzonitrile

(Br-BABA’-CN). According to the general HWE procedure, Br-BAB’-CHO (300 mg, 0.380
mmol), P-A’-CN (3) (130 mg, 0.577 mmol), and LiCl (37.0 mg, 0.873 mmol) were dissolved in
THF (5 mL) and cooled to 0 °C under N2. KO'Bu (98.0 mg, 0.873 mmol) was added portionwise
over 5 minutes, and the reaction was allowed to come to rt overnight with stirring. After workup,
column chromatography (silica gel, 1:1 hexanes:DCM) gave the title compound as an orange solid
(337 mg, 100%). *H NMR (CD.Cl>, 400 MHz) & 0.85-1.00 (12H, mult), 1.30-1.45 (16H, mult),
1.45-1.60 (8H, mult), 1.80-1.95 (8H, mult), 3.97 (2H, t, J = 6.4 Hz, OCH>), 4.04 (2H, t, J = 6.4
Hz, OCHy), 4.07 (2H, t, J = 6.4 Hz, OCH>), 4.08 (2H, t, J = 6.4 Hz, OCHy), 7.11 (1H, s), 7.14 (1H,
s), 7.16 (1H, d, J = 16.4 Hz, trans CH=CH), 7.17 (1H, s), 7.18 (1H, d, J = 16.4 Hz, trans CH=CH),

7.18 (1H, s), 7.20 (1H, d, J = 16.4 Hz, trans CH=CH), 7.44 (1H, d, J = 16.4 Hz, trans CH=CH),
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7.53 (1H, d, J = 16.4 Hz, trans CH=CH), 7.55 (4H, br s, p-CeHa), 7.62 (2H, s, J = 8.8 Hz, p-CsHa),
7.62 (1H, d, J =16.4 Hz, trans CH=CH), 7.65 (2H, s, J = 8.8 Hz, p-CsH4) ppm. 13C NMR (CDCl,,
100 MHz) & 14.40 (CHs), 23.21 (CH?), 23.25 (CH2), 26.27 (CH>), 26.43 (CH?), 26.53 (CH>), 26.54
(CHy), 29.86 (CH2), 29.99 (CH2), 30.03 (CHy), 32.14 (CH2), 32.17 (CHy), 32.21 (CHy), 32.23
(CHy), 70.00 (OCHy), 70.08 (OCH?>), 70.22 (OCH,), 70.71 (OCHy), 110.75 (Ar CH), 111.21 (Ar
CH), 111.81 (Ar CH), 112.15 (ArBr quat, ArCN quat), 118.33 (Ar CH), 119.62 (CN), 123.28
(vinylene CH), 123.57 (vinylene CH), 126.16 (Ar quat), 127.03 (Ar quat), 127.21 (vinylene CH),
127.30 (Ar CH), 127.40 (Ar CH), 127.43 (Ar CH), 127.61 (vinylene CH), 128.41 (Ar quat), 129.36
(vinylene CH), 133.02 (Ar CH), 137.62 (Ar quat), 137.77 (Ar quat), 150.36 (ArO quat), 151.60
(ArO quat), 151.66 (ArO quat), 152.06 (ArO quat) ppm. HRMS calc. for CssH71NO4Br: 888.4566

g/mol. Found: 888.4586 g/mol.

OCgH13 OCgH13
o CN-C O™
CgH130 CgH130
4-(4-(4-(4-bromo-2,5-bishexyloxystyryl)-2,5-bishexyloxystyryl)styryl)benzonitrile

(Br-BBAA’-CN). According to the general HWE procedure, Br-BBA’-CHO (300 mg, 0.380
mmol), P-A’-CN (3) (130 mg, 0.577 mmol), and LiCl (37.0 mg, 0.873 mmol) were dissolved in
THF (5 mL) and cooled to 0 °C under N2. KO'Bu (98.0 mg, 0.873 mmol) was added portionwise
over 5 minutes, and the reaction was allowed to come to rt overnight with stirring. After workup,
column chromatography (silica gel, 1:1 hexanes:DCM) gave the title compound as an orange solid
(338 mg, 100%). *H NMR (CD:Clz, 400 MHz) & 0.85-1.00 (12H, mult), 1.30-1.45 (16H, mult),

1.45-1.60 (8H, mult), 1.80-1.95 (8H, mult), 3.97 (2H, t, J = 6.4 Hz, OCH,), 4.04 (2H, t, J = 6.4
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Hz, OCHy), 4.07 (4H, t, J = 6.4 Hz, OCH?>), 7.11 (1H, s), 7.14 (1H, d, J = 16.0 Hz, trans CH=CH),
7.16 (2H, brs), 7.18 (1H, d, J = 16.4 Hz, trans CH=CH), 7.18 (1H, s), 7.25 (1H, d, J = 16.0 Hz,
trans CH=CH), 7.44 (1H, d, J = 16.8 Hz, trans CH=CH), 7.50 (1H, d, J = 16.8 Hz, trans CH=CH),
7.54 (1H, d, J = 16.4 Hz, trans CH=CH), 7.56 (4H, br s, p-CsHa), 7.61 (2H, s, J = 8.4 Hz, p-CeHa),
7.65 (2H, s, J = 8.4 Hz, p-CsHa4) ppm. 3C NMR (CD-Clz, 100 MHz) § 14.40 (CHs), 14.42 (CHs),
14.43 (CHs3), 23.20 (CHy), 23.23 (CHa), 23.25 (CH2), 23.26 (CHy), 26.28 (CH>), 26.41 (CH>),
26.50 (CH2), 26.55 (CHy), 29.86 (CH2), 30.04 (CH2), 32.14 (CHy), 32.18 (CH2), 32.24 (CH>),
70.00 (OCHy), 69.96 (OCHy), 69.97 (OCH,), 70.13 (OCHy2), 70.65 (OCHy), 110.83 (Ar CH),
110.96 (Ar CH), 111.03 (ArCN quat), 111.85 (Ar CH), 111.93 (ArBr quat), 118.25 (Ar CH),
119.53 (CN), 123.61 (vinylene CH), 124.42 (vinylene CH), 124.52 (vinylene CH), 126.91
(vinylene CH), 127.07 (Ar quat), 127.36 (Ar CH), 127.41 (Ar CH), 127.66 (Ar quat), 127.85 (Ar
CH), 127.89 (Ar quat), 128.51 (vinylene CH), 132.38 (vinylene CH), 136.06 (Ar quat), 138.92 (Ar
quat), 142.43 (Ar quat), 150.33 (ArO quat), 151.62 (ArO quat), 151.73 (ArO quat) ppm. HRMS

calc. for CssH71NO4Br: 888.4566 g/mol. Found: 888.4573 g/mol.

OCgH13 OCgH 13
NN
CegH130 CegH130
4-(4-(4-(4-bromostyryl)styryl)-2,5-bis(hexyloxy)styryl)-2,5-
bis(hexyloxy)benzaldehyde (Br-AABB’-CHO). According to the general DIBAL-H procedure,
Br-AABB’-CN (1.1347 g, 1.20 mmol) was dissolved in DCM (10 mL) and cooled to 0 °C.

DIBAL-H (1.0M in hexanes, 1.60 mL, 1.60 mmol) was added dropwise. After workup, column
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chromatography (silica gel, 7:3 hexanes:DCM) gave the title compound as an orange solid (675.3
mg, 63%)."H NMR (400 MHz, CDCI3) § 10.38 (s, 1H), 7.57 — 7.37 (m, 9H), 7.32 (d, J = 8.5 Hz,
3H), 7.16 — 6.92 (m, 6H), 4.12 — 3.90 (m, 8H), 1.91 — 1.70 (m, 8H), 1.57 — 1.39 (m, 8H), 1.39 —
1.22 (m, 16H), 1.00 — 0.71 (m, 12H). 3C NMR (100 MHz, CD:Cl,) & 189.06, 156.60, 151.77,
151.47, 151.08, 151.08, 137.95, 137.95, 136.80, 136.62, 135.17, 135.17, 132.14, 129.34, 128.88,
128.36, 127.76, 127.43, 127.28, 127.24, 127.05, 124.50, 123.69, 123.15, 121.53, 111.04, 110.77,
110.59, 110.21, 69.82, 69.77, 69.59, 69.51, 32.03, 31.99, 31.94, 29.83, 29.62, 26.35, 26.31, 26.24,
26.16, 23.07, 23.05, 22.98, 14.21, 14.21, 14.18, 14.18. HRMS calc. for CssH7.0sBr: 891.4563

g/mol. Found: 888.4579 g/mol.

OCgH 3 OCgH13

o N-ON-CN-O

CgH130 CgH130

4-(4-(4-(4-bromo-2,5-bis(hexyloxy)styryl)styryl)-2,5-
bis(hexyloxy)styryl)benzaldehyde (Br-BABA’-CHO). According to the general DIBAL-H
procedure, Br-BABA’-CN (1.3587 g, 1.50 mmol) was dissolved in DCM (15 mL) and cooled to
0 O°C. DIBAL-H (1.0M in hexanes, 1.90 mL, 1.90 mmol) was added dropwise. After workup,
column chromatography (silica gel, 7:3 hexanes:DCM) gave the title compound as an orange solid
(1.2502 g, 93%)."H NMR (400 MHz, CDCls) & 10.00 (s, 1H), 7.87 (d, J = 8.2 Hz, 2H), 7.66 (m,
3H), 7.57 — 7.46 (m, 5H), 7.42 (d, J = 16.4 Hz, 1H), 7.15 (m 7H), 4.04 (m, 8H), 1.98 — 1.78 (m,
8H), 1.64 — 1.47 (m, 8H), 1.47 — 1.31 (m, 16H), 1.00 — 0.83 (m, 12H). 3C NMR (100 MHz,
CD:Cl2) 6 191.76, 151.86, 151.47, 151.43, 150.17, 144.42, 137.61, 137.40, 135.61, 130.43,
129.19, 129.11, 128.10, 127.62, 127.21, 127.15, 126.85, 126.25, 123.42, 123.07, 118.15, 111.95,

111.63, 111.00, 110.58, 70.53, 70.03, 69.89, 69.83, 32.03, 32.02, 31.96, 31.94, 29.83, 29.80, 29.66,
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26.34, 26.23, 26.06, 23.05, 23.01, 23.00, 14.20. HRMS calc. for CssH72OsBrNa: 913.4383 g/mol.

Found: 913.4297 g/mol.

OCgH13 OCgH13

NN

CgH130 CeH130

4-(4-(4-(4-bromo-2,5-bis(hexyloxy)styryl)-2,5-
bis(hexyloxy)styryl)styryl)benzaldehyde (Br-BBAA’-CHO). According to the general DIBAL-
H procedure, Br-BBAA’-CN (1.3952 ¢, 1.60 mmol) was dissolved in DCM (15 mL) and cooled
to 0 °C. DIBAL-H (1.0M in hexanes, 2.00 mL, 2.00 mmol) was added dropwise. After workup,
column chromatography (silica gel, 7:3 hexanes:DCM) gave the title compound as an orange solid
(1.2957 g, 91%).'HNMR(300MHz, CDCls) 10.00 (s, 1H), 7.89-7.86 (d, J= 9 Hz, 2H), 7.68-7.65
(d, =9 Hz, 2H), 7.56-7.50 (m, 5H), 7.44-7.42 (d, J= 6 Hz, 2H), 7,25-7.08 (m, 7H), 4.08-3.94 (m,
8H), 1.91-1.82 (m, 8H), 1.56-1.51 (m, 8H), 1.43-1.36 (m, 16H), 0.94-0.87 (m, 12H). 3C NMR
(100 MHz, CD2Cly) 6 191.75, 151.53, 151.43, 150.14, 143.76, 138.61, 136.12, 135.77, 131.99,
130.44, 128.37, 127.63, 127.48, 127.32, 127.20, 126.92, 124.34, 124.14, 123.41, 118.06, 111.67,
110.79, 110.63, 70.47, 69.95, 69.77, 32.03, 31.97, 31.93, 29.83, 29.66, 26.35, 26.30, 26.20, 26.07,
23.04, 23.03, 22.99, 14.20, 14.18. HRMS calc. for CssH720sBrNa: 913.4383 g/mol. Found:

913.4302 g/mol.
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OCgH13 OCgH13 OCgH13
e YAS WAt Ot st Was
CegH130 CgH130 CeH130
4-(4-(4-(4-(4-bromostyryl)styryl)-2,5-bis(hexyloxy)styryl)-2,5-bis(hexyloxy)styryl)-
2,5-bis(hexyloxy)benzonitrile (Br-AABBB’-CN). According to the general HWE
procedure, Br-AABB’ -CHO (546.7 mg, 0.61 mmol), P-B’-CN (4) (387.2 mg, 0.91 mmol), and
LiCl (59.6 mg, 1.41 mmol) were dissolved in THF (10 mL) and cooled to 0 °C under N2. KO'Bu
(157.4 mg, 1.41 mmol) was added portionwise over 5 minutes, and the reaction was allowed to
come to rt overnight with stirring. After workup, column chromatography (silica gel, 7:3 hexanes:
DCM) gave the title compound as an orange solid (669.3 mg, 93%). *H NMR (400 MHz, CDCI3)
§7.60 — 7.44 (m, 10H), 7.40 (t, J = 7.5 Hz, 3H), 7.17 (d, J = 1.6 Hz, 4H), 7.13 (d, J = 4.1 Hz, 2H),
7.08 (d, J = 8.0 Hz, 2H), 7.00 (g, J = 6.7 Hz, 2H), 4.13 — 3.93 (m, 12H), 1.92 — 1.79 (m, 12H),
1.61 — 1.46 (m, 12H), 1.43 — 1.29 (m, 24H), 0.99 — 0.83 (m, 18H).13C NMR (100 MHz, CD,Cl>)
0 155.52,151.77,151.50, 150.49, 136.79, 133.83, 132.12, 129.34, 128.58, 128.34, 127.72, 127.35,
127.26, 127.17, 124.13, 124.11, 121.50, 117.15, 116.75, 111.02, 110.63, 110.46, 110.32, 110.26,
100.27, 78.08, 69.93, 69.77, 69.66,32.04, 31.95, 31.88, 29.84, 29.53, 29.43, 26.35, 26.32, 26.18,

25.93, 23.05, 23.01, 22.95, 14.20, 14.16. HRMS calc. for C7sH10:NOsBr: 1190.6812 g/mol. Found:

1190.6786 g/mol.
OCgH13 OCgH13 OCgH13
CN
S ) ) o ) o Y,
CeH130 CeH130 CeH130

4-(4-(4-(4-(4-bromo-2,5-bis(hexyloxy)styryl)styryl)-2,5-bis(hexyloxy)styryl)styryl)-
2,5-bis(hexyloxy)benzonitrile (Br-BABA’-CN). According to the general HWE procedure, Br-
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BABA’-CHO (300 mg, 0.380 mmol), P-B’-CN (4) (1.1465 g, 1.3 mmol), and LIiCl (127.5 mg,
3.0 mmol) were dissolved in THF (17 mL) and cooled to 0 °C under N.. KO'Bu (336.6 mg, 3.0
mmol) was added portionwise over 5 minutes, and the reaction was allowed to come to rt overnight
with stirring. After workup, column chromatography (silica gel, 7:3 hexanes: DCM) gave the title
compound as an orange solid (1.5040 g, 97%). *H NMR (400 MHz, CDCl3) § 7.58 — 7.37 (m,
12H), 7.13 (m, 10H), 4.15 — 3.92 (m, 12H), 1.95 — 1.77 (m, 12H), 1.64 — 1.47 (m, 12H), 1.46 —
1.29 (m, 24H), 1.01 — 0.80 (m, 18H). 3C NMR (100 MHz, CDCls) § 155.24, 151.19, 151.13,
151.10, 150.14, 149.81, 138.12, 137.30, 136.88, 136.10, 132.87, 131.85, 128.95, 128.46, 128.12,
127.23, 127.12, 126.85, 126.73, 126.58, 123.85, 123.28, 122.77, 121.95, 117.83, 116.82, 116.46,
111.86, 111.56, 110.55, 110.48, 110.09, 100.38, 70.30, 69.67, 69.60, 31.64, 31.56, 31.51, 29.47,
29.28, 29.15, 29.07, 25.97, 25.85, 25.82, 25.70, 25.58, 22.66, 22.61, 22.57, 14.05, 14.03. HRMS

calc. for C7sH100NOeBr+Na: 1212.6632 g/mol. Found: 1212.6569 g/mol.

OCgH13 OCgH13

oSN

CeH130 CgH130

4-(4-(4-(4-(4-bromo-2,5-bis(hexyloxy)styryl)-2,5-bis(hexyloxy)styryl)styryl)styryl)
benzonitrile (Br-BBAAA’-CN). According to the general HWE procedure, Br-BBAA’-CHO
(1.1539 mg, 1.3 mmol), P-A’-CN (3) (450.4 mg, 2.0 mmol), and LiCl (127.5 mg, 3.0 mmol) were
dissolved in THF (16 mL) and cooled to 0 °C under N2. KO'Bu (336.6 mg, 3.0 mmol) was added
portionwise over 5 minutes, and the reaction was allowed to come to rt overnight with stirring.
After workup, column chromatography (silica gel, 7:3 hexanes: DCM) gave the title compound as
an orange solid (1.2552 g, 97%). *H NMR (400 MHz, CDCls) § 7.64 (d, J = 8.4 Hz, 2H), 7.58 (d,

J=8.4 Hz, 2H), 7.56 — 7.48 (m, 9H), 7.42 (t, J = 13.5 Hz, 2H), 7.25 — 7.04 (m, 9H), 4.11 — 3.93
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(m, 8H), 1.96 — 1.78 (m, 8H), 1.64 — 1.47 (m, 8H), 1.44 — 1.29 (m, 16H), 1.02 — 0.84 (m, 12H).
13C NMR (100 MHz, CDCl3) § 151.15, 151.06, 151.03, 149.81, 141.83, 137.79, 137.63, 136.22,
135.50, 132.48, 131.94, 128.92, 128.22, 127.65, 127.37, 127.31, 127.23, 126.91, 126.86, 126.81,
126.43, 123.99, 123,57, 123.03, 119.04, 117.78, 111.62, 111.55, 110.61, 110.48, 70.21, 69.54,
69.48, 31.64, 31.58, 29.45, 29.29, 25.97, 25.92, 25.82, 25.71, 22.65, 22.63, 22.60, 14.05. HRMS

calc. for CesH7sNO4sBr+Na: 1012.4855 g/mol. Found: 1012.4783 g/mol.

OCgH13 OCgH13 OCgH13
CgH130 CgH130 CgH130
4-(4-(4-(4-(4-bromostyryl)styryl)-2,5-bis(hexyloxy)styryl)-2,5-bis(hexyloxy)styryl)-
2,5-bis(hexyloxy)benzaldehyde (Br-AABBB’-CHO). According to the general DIBAL-H
procedure, Br-AABBB’-CN (150.0 Mg, 0.13 mmol) was dissolved in DCM (7 mL) and cooled to
0 °C. DIBAL-H (1.0M in hexanes, 0.17 mL, 0.17 mmol) was added dropwise. After workup,
column chromatography (silica gel, 7:3 hexanes: DCM) gave the title compound as an orange solid
(108.0 mg, 72%).1H NMR (400 MHz, CDCI3) & 10.45 (s, 1H), 7.69 — 7.42 (m, 10H), 7.42 — 7.29
(m, 3H), 7.23 — 7.01 (M, 9H), 4.08 (m, 12H), 1.85 (m, 12H), 1.53 (M, 12H), 1.39 (m, 24H), 1.06 —
0.76 (m, 18H).3C NMR (100 MHz, CD.Cl,) & 188.86, 156.65, 151.84, 151.58 151.53, 151.44,
151.11, 131.96, 129.22, 128.91, 128.30, 128.18, 127.20, 127.17, 127.10, 127.01, 123.94, 123.68,
123.51,122.82,110.87, 110.62, 110.58, 110.55, 110.43, 110.10, 69.69, 69.64, 69.57, 69.46, 69.38,
54.08, 53.81, 53.53, 31.88, 31.86, 31.82, 31.76, 29.88, 29.69, 29.45, 26.19, 26.15, 26.07, 25.98,
22.88, 22.79, 14.02, 13.98. HRMS calc. for C7sH10207Br: 1193.6809 g/mol. Found: 1193.6865

g/mol.
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OCgH13 OCgH13 OCgH 13
o N-ON-CN-ON-Crs
CgH130 CegH130 CeH130
4-(4-(4-(4-(4-bromo-2,5-bis(hexyloxy)styryl)styryl)-2,5-bis(hexyloxy)styryl)styryl)-
2,5-bis(hexyloxy)benzaldehyde (Br-BABAB’-CHO). According to the general DIBAL-H
procedure, Br-BABAB’-CN (600.0 mg, .050 mmol) was dissolved in DCM (5 mL) and cooled to
0 O°C. DIBAL-H (1.0M in hexanes, 0.65 mL, 0.65 mmol) was added dropwise. After workup,
column chromatography (silica gel, 7:3 hexanes:DCM) gave the title compound as an orange solid
(517.1 mg, 87%).1H NMR (400 MHz, CDCl3) § 10.62 — 10.33 (m, 1H), 7.57 — 7.46 (m, 11H), 7.42
(d, J=16.4 Hz, 1H), 7.31 (d, J = 24.7 Hz, 2H), 7.24 — 7.07 (m, 8H), 4.26 — 3.85 (m, 12H), 2.06 —
1.75 (m, 12H), 1.56 (m, 12H), 1.46 — 1.31 (m, 24H), 1.00 — 0.86 (m, 18H). 3C NMR (100 MHz,
CD.Cl>) 6 189.06, 156.58, 151.56, 151.51, 151.47, 151.12, 150.17, 138.37, 137.74, 137.29,
136.82, 134.48, 132.07, 129.22, 128.66, 128.46, 127.59, 127.28, 127.21, 127.18, 127.04, 126.88,
124.65, 123.97, 123.55, 122.99, 122.81, 118.14, 111.93, 111.62, 110.82, 110.68, 110.63, 110.29,
70.53, 70.04, 69.88, 69.66, 69.59, 32.06, 31.98, 31.96, 29.87, 29.67, 29.62, 26.37, 26.27, 26.25,
26.15, 26.08, 23.07, 23.03, 23.02, 23.00, 14.24, 14.21. HRMS calc. for C7sH10:07Br+Na:

1215.6628 g/mol. Found: 1215.6561 g/mol.

4-(4-(4-(4-(4-bromo-2,5-bis(hexyloxy)styryl)-2,5-bis(hexyloxy)styryl)styryl)styryl)
benzaldehyde (Br-BBAAA’-CHO). According to the general DIBAL-H procedure, Br-

BBAAA’-CN (601.8 mg, 0.60 mmol) was dissolved in DCM (7 mL) and cooled to 0 °C. DIBAL-
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H (1.0M in hexanes, 0.80 mL, 0.80 mmol) was added dropwise. After workup, column
chromatography (silica gel, 7:3 hexanes:DCM) gave the title compound as an orange solid (500.1
mg, 84%).'H NMR (400 MHz, CDCls) § 10.00 (s, 1H), 7.88 (d, J = 8.2 Hz, 2H), 7.66 (d, J = 8.2
Hz, 2H), 7.59 — 7.47 (m, 9H), 7.42 (t, J = 13.6 Hz, 2H), 7.27 (d, J = 16.3 Hz, 1H), 7.20 — 7.04 (m,
8H), 4.14 — 3.89 (m, 8H), 2.01 — 1.78 (m, 8H), 1.64 — 1.45 (m, 8H), 1.45 — 1.28 (m, 16H), 1.02 —
0.77 (m, 12H). *C NMR (100 MHz, CDCl3) § 191.57, 151.15, 151.06, 151.04, 149.81, 143.43,
137.66, 137.60, 136.27, 135.79, 135.27, 131.75, 130.25, 128.83, 128.24, 127.73, 127.37, 127.30,
127.25, 127.08, 126.91, 126.87, 126.81, 123.55, 123.03, 117.79, 111.62, 110.62, 70.22, 69.49,
31.64, 31.56, 29.46, 29.29, 25.98, 25.92, 25.83, 25.71, 22.66, 22.64, 22.60, 14.04. HRMS calc. for

Ce3sH770sBr+Na: 1015.4852 g/mol. Found: 1015.4802 g/mol.

CN
N0

4-(4-(4-(4-(4-(4-bromostyryl)styryl)-2,5-bis(hexyloxy)styryl)-2,5-
bis(hexyloxy)styryl)-2,5-bis(hexyloxy)styryl)benzonitrile(Br-AABBBA’-CN). According to
the general HWE procedure, Br-rAABBB’-CHO (141.7 mg, 0.12 mmol), P-A’-CN (3) (81.1 mg,
0.36 mmol), and LiCl (11.4 mg, 0.27 mmol) were dissolved in THF (10 mL) and cooled to 0°C
under N2. KO'Bu (30.3 mg, 0.27 mmol) was added portionwise over 5 minutes, and the reaction
was allowed to come to rt overnight with stirring. After workup, column chromatography (silica
gel, 7:3 hexanes: DCM) gave the title compound as an orange solid (147.0 mg, 92%). 'H NMR
(400 MHz, CD2CI12) § 7.66 — 7.30 (m, 18H), 7.19 — 6.96 (m, 10H), 3.99 (d, J = 6.1 Hz, 12H), 1.87
—1.72 (M, 12H), 1.47 (d, J = 17.0 Hz, 12H), 1.39 — 1.22 (m, 24H), 0.97 —0.69 (m, 18H).13C NMR

(100 MHz, CD2Cl) 6 151.86, 151.86, 151.50, 151.50, 142.92, 138.11, 138.08, 138.07, 136.80,
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136.48, 132.83, 132.12, 129.35, 128.34, 127.88, 127.44, 127.43, 127.32, 127.26, 127.17, 127.08,
126.86, 125.76, 123.72, 121.49, 119.45, 110.94, 110.58, 110.50, 69.79, 69.72, 32.06, 32.00, 30.42,
30.05, 29.86, 29.79, 26.34, 23.07, 23.03, 14.24, 14.22, 14.19. HRMS calc. for CgzH107NOs+Br:

1292.7282 g/mol. Found: 1292.7290 g/mol.

OCgH13 OCgH13 OCgH13

o CN-ON-CN-CO-O-0r™

CeH130 CegH130 CeH130

4-(4-(4-(4-(4-(4-bromo-2,5-bis(hexyloxy)styryl)styryl)-2,5-
bis(hexyloxy)styryl)styryl)-2,5-bis(hexyloxy)styryl)benzonitrile (Br-BABABA’-CN).
According to the general HWE procedure, Br-BABAB’-CHO (300.0 mg, 0.25 mmol), P-A’-CN
(3) (85.6 mg, 0.38 mmol), and LiCl (24.7 mg, 0.58 mmol) were dissolved in THF (5 mL) and
cooled to 0°C under N2. KO'Bu (65.1 mg, 0.58 mmol) was added portionwise over 5 minutes, and
the reaction was allowed to come to rt overnight with stirring. After workup, column
chromatography (silica gel, 7:3 hexanes: DCM) gave the title compound as an orange solid (273.2
mg, 84.5%). 'H NMR (400 MHz, CDCls) & 7.68 — 7.56 (m, 5H), 7.51 (m, 11H), 7.41 (d, J = 16.4
Hz,1H), 7.22 — 7.02 (m, 11H), 4.16 — 3.92 (m, 12H), 1.99 — 1.78 (m, 12H), 1.70 — 1.46 (m, 12H),
1.39 (dd, J = 6.1, 2.8 Hz, 24H), 1.10 — 0.83 (m, 18H).23C NMR (100 MHz, CD:Cl,) & 151.86,
151.50, 150.16, 150.16, 142.88, 137.72, 132.82, 129.25, 127.15, 127.15, 127.10, 127.10, 123.54,
123.53,118.14,111.90, 111.61, 111.03, 110.55, 110.55, 109.67, 70.52, 70.52, 70.03, 69.88, 69.88,
69.81, 54.33, 54.06, 53.79, 53.52, 53.25, 32.03, 31.99, 31.95, 29.85, 29.64, 26.34, 26.22, 26.05,
23.05, 23.00, 14.21, 14.18. HRMS calc. for CgsH10sNOgBr+Na: 1314.7101 g/mol. Found:

1314.7034 g/mol.
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OCgH13 OCgH13 OCgH13
N N-ON-ON-O-Cr™
CeH130 CeH430 CgH130
4-(4-(4-(4-(4-(4-bromo-2,5-bis(hexyloxy)styryl)-2,5-
bis(hexyloxy)styryl)styryl)styryl)styryl)-2,5-bis(hexyloxy)benzonitrile (Br-BBAAAB’-CN).
According to the general HWE procedure, Br-BBAAA’-CHO (300 mg, 0.30 mmol), P-B’-CN (4)
(191.3 mg, 0.45 mmol), and LiCl (29.3 mg, 0.69 mmol) were dissolved in THF (10 mL) and cooled
to 0 oC under N2. KO'Bu (77.4 mg, 0.69 mmol) was added portionwise over 5 minutes, and the
reaction was allowed to come to rt overnight with stirring. After workup, column chromatography
(silica gel, 7:3 hexanes: DCM) gave the title compound as an orange solid (280.3 mg, 72.2%). H
NMR (400 MHz, CDCl3) § 7.62 — 7.35 (m, 16H), 7.26 — 7.00 (m, 12H), 4.03 (m, 12H), 1.96 — 1.76
(m, 12H), 1.53 (d, J = 5.8 Hz, 12H), 1.37 (s, 24H), 1.06 — 0.81 (m, 18H).23C NMR (100 MHz,
CDCl3) 6 155.24, 151.14, 151.06, 151.03, 150.15, 149.81, 137.47, 137.41, 136.93, 136.51, 136.40,
136.35, 132.81, 131.77, 128.61, 128.37, 128.27, 127.90, 127.34, 127.26, 126.90, 126.85, 124.00,
123.46, 123.01, 122.16, 117.79, 116.80, 116.46, 111.60, 110.62, 110.48, 110.13, 100.44, 70.21,
69.67, 69.49, 31.65, 31.56, 31.54, 31.51, 29.48, 29.29, 29.14, 29.06, 25.98, 25.92, 25.81, 25.71,
25.58, 22.66, 22.64, 22.60, 22.57, 14.04. HRMS calc. for Cg3H107NOsBr: 1292.7282 g/mol. Found:

1292.7288 g/mol.
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3.0 SEQUENCE EFFECTS IN DONOR-ACCEPTOR OLIGOMERIC
SEMICONDUCTORS COMPRISING BENZOTHIADIAZOLE AND PHENYLENE

VINYLENE MONOMERS

3.1 OVERVIEW

To understand the influence of monomer sequence on the properties and performance of
donor-acceptor type conjugated oligomers, a series of dimers, trimers, and tetramers were prepared
from phenylene (P) and benzothiadiazole (B) monomers linked by vinylene groups. Optical and
electrochemical studies established the influence of sequence on both the Amax and redox potentials
of this series of structurally related oligomers. The effect of end groups (cyano, bromo, and alkyl)
was also demonstrated to be important for the properties of these oligomers. DFT calculations of
the tetramers were performed and the energy levels were correlated well with the experimentally
determined spectroscopic data. Bulk heterojunction (BHJ) solar cells fabricated with selected
tetramers as the donor and PCs1BM as the acceptor exhibited power conversion efficiencies that
varied by a factor of three as a function of sequence. These results suggest that sequence control
is important for tuning optoelectronic properties and photovoltaic performance of these structurally
related conjugated oligomers.

In order to provide the full picture of our discoveries, the work of several coworkers will
be included in this chapter. These contributions will be highlighted as they are discussed. Nicole
Bauer and Wei You are acknowledged for their contribution to the device fabrication and testing
and Ilana Kanal and Prof. Hutchison for their computational work. The majority of the work

presented in this chapter was previously published in Zhang, S.; Bauer, N. E.; Kanal, I. Y.; You,
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W.; Hutchison, G. R.; Meyer, T. Y., Sequence Effects in Donor—Acceptor Oligomeric
Semiconductors  Comprising  Benzothiadiazole and  Phenylenevinylene ~ Monomers.
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3.2 INTRODUCTION

The power and potential of conjugated organic materials stems from their rich diversity
and ease of tailoring key properties including optical band gap, absorption and emission intensities,
packing, and charge transport properties.2> Applications include photovoltaics, efficient organic
light-emitting displays, photocatalytic systems, polymer batteries and supercapacitors, and

more.*512 While the majority of the conjugated materials have been polymeric systems, more
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recent scientific efforts have demonstrated that oligomers, with complete control over chain length,
chain ends, and chemical purity, offer unique advantages.57 10-11. 13

Controlling monomer sequence is increasingly used to engineer properties in (non-
conjugated) copolymers, but has not been widely exploited in conjugated systems.416 In order to
achieve desirable properties for these applications-oriented conjugated polymers, researchers have
largely focused on designing increasingly sophisticated repeat units, !’ tailoring side-chains,8-1°
and combining electron-rich and electron-poor monomers (donor-acceptor strategy).* 2°2* Some
efforts have also focused on the use of end group modification to control p- and n-type carrier
transport, oxidation and reduction potentials, and optical properties.” 2> Nevertheless, sequence
remains largely unexplored in these conjugated materials; in contrast, results from non-conjugated
materials have demonstrated that sequence control is important and has significant impact on
properties of materials.?6-¢

We are interested in applying the sequence control strategy to conjugated oligomers and
polymers; more importantly, we intend to study these structurally related materials to understand
the effects of sequence on properties related to the use of these materials in photovoltaic devices.
Though scarcely reported, there have been some promising examples of sequence effects. 3740
For example, Liang and coworkers reported that two sequence-isomeric conjugated oligomers
exhibited power conversion efficiencies that were significantly different, 4.53% vs. 1.58%.%
Sequence-based differences in morphology were also observed by Palermo et al. in their
investigation of thiophene- and selenophene-based conjugated polymers with gradient sequence,
block, and random structures.®” The influence of sequence on properties, particularly
photophysical properties, was also established by Noonan and coworkers for a series of

copolymers comprising sequences of furan, thiophene, and selenophene.*!
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These intriguing reports have inspired us to further understand the influence of sequence
on copolymer properties through the systematic preparation, characterization, and modelling of
sequenced conjugated oligomers and polymers. In a prior study, we synthesized a series of
oligomers using two monomers — an un-substituted and a dialkoxy-substituted phenylene vinylene,
and discovered that the sequence strongly affected oxidation potentials, HOMO energies, and band
gaps of these otherwise largely identical oligomers.® In tetramers, we found that the optical band
gaps could be tuned over a range of 0.2 eV, based only on sequence and the end groups, despite
that both monomers are electronically similar.

In the present investigation, we further explore the effect of sequence with two
electronically different monomers: dialkoxy-substituted phenylene vinylene (electron-rich, P) and
benzothiadiazole vinylene (electron-poor, B). While these monomers have been widely
investigated for applications in OLED and solar cells,*>** the effect of sequencing these monomers
have not been probed.*® Herein, we extend our earlier study to tetrameric oligomers, and
comprehensively investigate the effect of sequence and end groups on optoelectronic properties of

these materials and their performance in bulk heterojunction solar cells.
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3.3.1 Monomer Synthesis.

Starting unit

OCgH13

Br \O

CgH430

Br-P-CHO

N N
\
0]

Br-B-CHO

3.3 RESULTS

Chain-growth unit

OCgH
Hsco_ QO o

A

HsCO-P CN

CgH130

Phos-P-CN

HeCO-F
HyCO CN

Phos-B-CN

Figure 17. Structures of six monomers used in oligomer synthesis.

A series of conjugated oligomers with varying sequences were prepared by connecting two
units, benzothiadiazole (B) and 2,5-dihexylalkoxy-substituted phenylene (P), with vinylene
linkers. The oligomers comprised dimers, trimers and tetramers, based on the total number of P/B
units, and bore either two bromo (Br) end groups, one Br and one cyano (CN) end group, or two
a-olefinic alkyl groups (C8). Species with reactive end groups including aldehyde (CHO) and

dimethyl phosphonate (Phos) were also prepared as synthetic intermediates. Oligomers are named

Ending unit
OCgHy3
HsCO_ 9
H3CO’P Br
CgH430
Phos-P-Br
.S,
jo) N\ /N
H3;CO Br
Phos-B-Br

throughout by listing their P/B sequence and end groups, e.g., Br-PB-CN.

In this study, we targeted oligomers with dibromo endgroups to minimize the endgroup

effects seen in our previous work. It allows us to isolate more clearly property differences due
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primarily to sequence. These dibromo-terminated oligomers were, however, also compared to
oligomers bearing one bromo and one cyano endgroups or two C8 endgroups. Six monomers were
selected as building blocks for the sequenced oligomers (Figure 17). Br-P-CHO and Br-B-CHO
are used as the starting units for all oligomers. Phos-P-Br and Phos-B-Br are used as the end units
for dibromo oligomers. The remaining units, Phos-P-CN and Phos-B-CN, are used for both chain-
growth or ending for oligomer with nitrile termination. The synthesis of Br-P-CHO and Phos-P-
CN are described at chapter 2. We prepared Br-B-CHO, Phos-P-Br, and Phos-B-Br according
to previously published methods, with some small optimizations.™ “° Their synthesis schemes are
shown below.

The synthesis of 4-cyanobenzothiadiazolphosphonate (Phos-B-CN) was developed and
optimized for the current study (Figure 18) although some portions of the synthesis were either
based the synthesis of a similar substrate (1, 4) or involved the optimization of reactions from
previously published protocols (2) “°°2 First, commercially available 2,3-diaminotoluene was
treated with thionyl chloride in the presence of triethylamine to form methylbenzothiadiazole (1)
in 85% vyield after purification.>® Bromination gave the bromine substituted benzothiadiazole (2)
in a 65% yield.**° The cyanation reaction was performed using a procedure that was previous
reported to give cyano-BTD in 83% vyield (3).°! Characterization by *C NMR and mass
spectroscopy confirmed the full conversion of 2 to 3. To convert cyano-BTD to the HWE-substrate
required two reactions. Bromination of the methyl group with NBS gave BTD-derivative (4). After
isolation but without further purification, the product was treated with trimethylphosphite liquid

to give Phos-B-CN in a yield over both reactions of 82%.%°
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SOCl,, Et;N N N Br, 48% HBr

.S,
N N
\ \
? >
4@ DCM, 4h, 82% 4@ overnight, 65% @78"
2

1) CuCN, DMF, reflux, 10 h
2) H,0,, HCI, 40 °C, 3h
82%, over two steps

N S. s.
o NN N"N NN
H,CO-R P(OCHs)s Br. M NBS, BPO \
reflux, 1.5 h, DCE, reflux, 1h
Phos-P-CN 80% over two steps 4 3

Figure 18. Synthesis of Phos-B-CN.

OH OCgH13
C¢H13Br, KOH

Na28203, TBAB

>
H,O, PhMe
HO reflux, 40 h, 86% CeH130
NBS, BPO
DCE, relfux, 5h
69%
Hco O OCeHis 1. NBS, BPO OCeH13
SN DCE, reflux 4 h
HzCO-R Br <« Br
2. P(OCH3)3, PhMe
CgH130 reflux, overnight CgH130

42% over 2 steps

Figure 19. Synthesis of Phos-P-Br.
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.S.
SOCl,, Et;N No N Bry, 48% HBr NN
' ’
DCM, 4h, 82% 4@ overnight, 65% AO*BF

NBS, AIBN, Chlorobenzene
80 °C, 4h, 41%

/S\ /S\
N N N\ /N
" AgNO;  Br
/ Br <€———— Br
o) ACN/H0, gy
2h, 83%
Figure 20. Synthesis of Br-B-CHO.
.S, .S.
BN M g0, BN N N Bry, 48% HBr NN
'
DCM, 4h, 82% overnight, 65% Br
NBS, BPO
DCE, reflux, 1h
N
’S‘N N N

Figure 21. Synthesis of Phos-B-Br.
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3.3.2 Oligomer Synthesis

Phos O CN etc.

a
Phos O CN reduction

Phos {} Br

S. S<
OCgHys 1)Phos{}CN ocsH13N'\ IN 1) DIBAL-H, OCeH13 N IN OCgHy3
NaH, THF, rt CH,Cl,, -78°C CN
2)Phos O CN
CeHy30 CgHy30 CgHy30 CgHy30
KO'Bu,THF, rt
Sy EN
1) DIBAL-H, OCgHy3 N OCgHy3 N
CH,Cl,, 0 °C
Br
O~ ;o
2) Phos Q Br \O—FI’I
Ph = ! X
NaH, THF, rt CeH1s0 CeH130 °SO X _o
Br-PBPB-Br CgHq30
Br GQQQ Br NN
O "\
Phos X = ~,

0-P. 2 §
s. ] X
1) DIBAL-H, OCcHea OCgHs; Ns 0
i a O oL Ko
S it
2) Phos OCN

CeH130
NaH, THF, rt 18 CeH1s0

Br-PBPB-CN

Figure 22. (a) Schematic depicting synthetic strategy, (b) Example synthesis of two sequenced oligomers.

Sequenced oligomers were synthesized from six small-molecule building units mentioned
above, Br-B-CHO, Phos-P-Br, Phos-P-CN, Phos-B-CN, Phos-B-Br and Br-B-CHO. Coupling
these units together sequentially with Horner-Wadsworth-Emmons (HWE) reactions facilitated
the creation of oligomeric structures with defined sequences and end groups (Figure 22). Initial
coupling between the aldehyde and phosphonate groups of the appropriate P and B building units
produced nitrile-terminated dimers. These dimers were then prepared for subsequent additions by
reductive conversion of the terminal nitrile to an aldehyde. We and others have previously accessed

sequenced arylene vinylene oligomers using this general approach.® 4953
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The inclusion of the less reactive B unit required modifications to the chemical procedures
used for the more electron-rich P units. In particular, a stronger base (NaH) was required to couple
the benzothiadiazole phosphonate (Phos-B-CN) to aldehyde-bearing subunits.>> The conversion
of the terminal cyano-group to an aldehyde for the B unit was also challenging as the conditions
used for DIBAL-H reduction of aldehydes on phenylene vinylene units resulted in significant
decomposition. For reduction of oligomers with B linked with nitrile (for example Br-PB-CN),
therefore, the reaction was carried out at -78 °C and it was necessary to add the DIBAL-H in
portions to prevent exposure of the oligomers to a large excess of the unreacted reductant.
Reduction of the P-unit nitrile (for example Br-BP-CN) could, however, be performed as reported

previously. Using this approach, two dimers, six trimers and six tetramers were prepared.

3.3.3 Optical and Electronic Properties.

The optical and electrochemical properties of the sequenced oligomers were determined
and are presented in Table 6 and Table 7. As expected, the absorption maxima show a red-shift
with increasing oligomer length: dimers (429-450 nm), trimers (458-479 nm), and tetramers (490-
530 nm). Emissions likewise shift towards longer wavelengths; and band gaps, both optical and
electrochemical, narrow as expected with increasing conjugation length.

Although it is challenging to deconvolute the end group effects from the sequence effects
in these oligomeric structures, we were able, with such a rich library of oligomers, to understand
the trends and focus our attention on bromo end groups, which have only a minor impact on the
electronic properties. In considering end group effects, it is important to understand that terminal
units are distinct from internal ones due to the neighboring free space, independent of the identity
of the functional end group. As tetramers comprise 50% terminal monomers and 50% internal
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monomers, many changes in sequence will necessarily involve changes in the terminal monomers

as well.
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0.4}t —— Br-PPB-Br — Br-PPB-Br
—— Br-PPB-CN
—— Br-BPP-CN

—— Br-BPB-Br

— Br-PBP-Br

Molar Absorptivity/10° cm™ M™

Molar Absorptivity/10° cm™ M™

300 400 500 600 700 300 400 500 600 700
Wavelength/nm Wavelength/ nm
a b
100
T —— Br-PPB-Br
sl —— Br-PBP-Br
g -~
o Intensity 4x larger than
o 60f all other oligomers
P
>
g 40+
&
- 20}
8
2
0
500 600 700 800 900
Wavelength/ nm
C

Figure 23. Absorption and emission spectra: (a) absorption spectra for all dibromo trimers in chloroform (1.0 x 10°
M); (b) absorption spectra for PPB trimers bearing cyano and bromo end groups in chloroform (1.0 x 10 M); (c)
emission spectra for selected trimers in chloroform (1.0 x 10 M).
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Figure 24. Absorption and emission spectra: (a) absorption spectra for all dibromo tetramers in chloroform (1.0 x 10
> M); (b) film absorption spectra of PB tetramers, cast from chloroform solution; (c) emission spectra for dibromo
tetramers in chloroform (1.0 x 105 M).
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Table 6. Optical data for sequenced oligomers

Oligomer ¢ /A:‘]mb?:,](a f:n;%a fg}’;b
Br-PB-Br 432 576 2.97
Br-PB-CN 450 593

C8-PB-C8 429 585 2.98
Br-BPB-Br 479 - -
Br-PPB-Br 464 628 2.29
Br-PBP-Br 476 594 2.28
Br-PBP-CN 467 583 2.29
Br-PPB-CN 498 658 2.14
Br-BPP-CN 458 609 2.33
C8-BPP-C8 448 613 -
C8-PBP-C8 489 618 -
Br-BPPB-Br 493 639 2.19
Br-PBPB-Br 507 613 2.15
Br-PBPB-CN 523 702 2.07
Br-PPBB-Br 508 637 2.10
Br-PPBB-CN 530 707 1.99
Br-PBBP-Br 512 595 213

a Measured in chloroform (1.0 x 10> M); ® Determined at the onset of absorption spectra; ¢ B: benzothiadiazole unit,
P: 2,5-dihexylalkoxy substituted phenylene units, Br: bromo end group, CN: cyano end group; C8: -
CH3(CH2)sCH=CH;

Consistent with our earlier studies on sequenced phenylene vinylene oligomers, the effect
of the unsaturated, electron-withdrawing cyano substituent was profound and depended
significantly on the identity of the terminal monomer to which it was attached. Comparing two
oligomers that have the same inherent sequence, PPB, but reversed end groups, Br-BPP-CN vs.
Br-PPB-CN (= CN-BPP-Br), it was observed that the Amax red-shifted nearly 40 nm (Figure 23b).

Adding the cyano end group to a B monomer created a much stronger electron-withdrawing unit.
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Oligomers with —CN attached to a P monomer absorbed at a slightly higher energy than the other
PPB analogues studied. Oligomers with the —CN located on a B-monomer absorbed at lower

energies than the dibromo-terminated sequences (e.g., Br-PPB-CN and Br-PBPB-CN)

Table 7. Electrochemical data for sequenced oligomers

Oligomer peak’! V ETesil Vv AESS,® eV
Br-PB-Br 1.05 -1.50 2.55
Br-PPB-Br 0.77 -1.44 2.21
Br-PBP-Br 0.89 -1.47 2.36
Br-BPPB-Br 0.65 -1.45 2.10
Br-PBPB-Br 0.75 -1.44 2.19
Br-PPBB-Br 0.71 -1.31 2.02
Br-PBBP-Br 0.82 -1.31 2.13

2 Potential vs. Ag/Ag+, 240 uM in 0.1 M BusNPFg in THF; ® Determined as AEgs, = e(Epsax — E{,i‘;k))

Bromo and C8 end groups appeared to exert only a modest influence on the optical
properties, especially when compared to the highly perturbing —CN. That being said, the same
pattern of dependence on the identity of the terminal monomer which was noted for —.CN was also
observed for these two end groups. The C8 (C8 = —(CH2)sCH=CH-) group would be expected to
be only a mild 6-donor while the bromo group should be modestly o-withdrawing and n-donating.
In solution, a red shift of 13 nm was observed when changing the electron-withdrawing Br to an
electron-donating C8 on P units in the PBP analogues, Br-PBP-Br (Amax= 476 nm) and C8-PBP-

C8 (Amax =489 nm). The effect of the interaction of the end group with the attached monomer can

also be seen in the comparison of Br-PB-Br (Amax = 429 nm) vs C8-PB-C8 (Amax = 432 nm) and
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Br-PPB-Br (Amax =464 nm) vs C8-PPB-C8 (Amax= 448 nm). Based on these data, we hypothesize
that when a Br attached to a B unit is replaced with a C8, eg, Br-PB-Br to Br-PB-C8, the blue
shift of the Amax is partly canceled by the red shift due to the C8 substitution of the Br on the P
unit, eg, Br-PB-Br to C8-PB-Br. As these effects were relatively modest relative to those
observed with the -CN group, we elected to focus our sequence comparison studies on the

dibromo-substituted oligomers.
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Figure 25. Electrochemical redox potentials and band gaps of sequenced oligomers, expressed relative to vacuum.
Electrochemical band-gaps are indicated in eV. The color gradient is for illustration purposes only.
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Figure 26. Example cyclic voltammograms and differential pulse voltammograms of (a) Br-PBPB-Br and (b) Br-
PPBB-Br

In examining the Br-terminated oligomers, we did indeed find evidence for sequence
effects in both the trimer and tetramer series (Figure 23 and Figure 24). Focusing only on the two
trimers with the same 2:1 ratio of P:B and bromo end groups, Br-PBP-Br and Br-PPB-Br,
differences in absorption maxima (A = 10 nm), oxidation potential (A = 0.12 V), and
electrochemical gap (A = 0.15 V) were observed. The reduction potentials were, however, similar

(A=0.03 V), suggesting that they are determined primarily by the single B-unit. It should be noted
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that Br-PPB-Br, which is the name used throughout this chapter, could also be written as Br-BPP-
Br.

Unambiguous sequence effects are also clearly seen in the dibromo-terminated tetramer
series all of which have the same 1:1 P:B ratio. Most persuasively, the two bromo-terminated
tetramers Br-PPBB-Br and Br-PBPB-Br, exhibited the largest difference in the magnitude of
their electrochemical gaps (0.17 V). Since both of these oligomers have exactly one P-Br and one
B-Br interaction, the difference must be attributed to sequence alone. Br-PPBB-Br exhibited both
a less positive reduction and less negative oxidation potential than the alternating sequence isomer
(Br-PBPB-BTr). In examining the other two oligomers in the series, it became clear the presence
of a BB-pairing defines the reduction potential: both Br-PPBB-Br and Br-PBBP-Br were reduced

at — 1.31 V. The oligomers Br-BPPB-Br and Br-PBPB-Br exhibited more negative reduction

potentials of -1.45 and -1.46 V, respectively. The trend in oxidation potentials appears to depend
more on the distance between P units. Those oligomers with PP-pairing, Br-BPPB-Br and Br-
PPBB-Br, exhibited lower oxidation potentials than those with separated P units. The trend is
gradual, however, not binary as was the case for the reduction potentials vs. BB-pairings.

We also observe some intriguing sequence effects in the solution phase absorption and
emission spectra, especially in absorption/emission intensities. For the trimers with a 2:1 P:B ratio,
the absorption intensities at 10° M in chloroform are similar (ca. 0.3 x 10° cm™ M) but the
emission intensities are dramatically different (Figure 23c). In particular, the intensity of the
emission for Br-PBP-Br of 80 x 10° cm™ M is at least 4x larger than that for all other oligomers
characterized. Within the 1.1 P:B tetramer series, the absorption intensities are modestly different
(range 0.35-0.5 x 10° cm™* M) with Br-BPPB-Br > Br-PBPB-Br > Br-PPBB-Br > Br-PBBP-

Br which is inversely related to the increase in absorption wavelength (Figure 24a). The emission
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intensities for these tetramers exhibited larger differences (range 5-20 x 10° cm™ M) but follow
the order Br-PBPB-Br =~ Br-PPBB-Br > Br-BPPB-Br > Br-PBBP-Br which does not appear to
correlate with the changes in emission wavelength (Figure 24c). These differences in intensity
cannot be simply explained as the trends differ between the trimeric and tetrameric oligomers. For
example, the two oligomers with the highest degree of quenching, Br-PPB-Br and Br-PBBP-Br,
are dissimilar in both symmetry and end group attachment. The lack of correlation between the
trimer and tetramer systems suggests that these differences could only be explained by a full
photophysical study which lies beyond the scope of the current work.

Absorption data for thin films were also collected for those tetramers that were selected for
incorporation in devices (Figure 24b). The Amax Of films cast from chloroform solutions followed
the trend Br-BPPB-Br (Amax = 546 nm) > Br-PBPB-Br (Amax= 536 nm) > Br-PPBB-Br (Amax =
510 nm) > Br-PBBP-Br (Amax= 494 nm). Notably this trend is opposite to their absorption maxima
in solution Br-BPPB-Br (Amax =493 nm) < Br-PBPB-Br (Amax= 507 nm) < Br-PPBB-Br (Amax=
508 nm) < Br-PBBP-Br (Amax = 512 nm) (Figure 24a). The fact that these sequences exhibit a
different pattern of absorption in the solid state suggests that the interchain interactions and short-
range order are also sequence-dependent, with Br-BPPB-Br exhibiting the largest red-shift and
potentially the highest degree of aggregation. Also consistent is the fact that we observe larger
sequence-based differences in the Amax absorptions in the solid state (52 nm) than in solution (19

nm).
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3.3.4 Solar cell properties of sequenced oligomers
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Figure 27. Representative J-V output of photovoltaic devices based on oligomers.

A selection of these oligomers were incorporated into solar cells to further understand the
impact of sequence on the device performance (Figure 27 and Table 8). The device fabrication
and testing in this section were performed by Nicole Bauer and Prof. Wei You. Based on literature
reports of related molecules and the relatively short conjugation lengths, we would only expect
modest power conversion efficiencies for these materials;® however, we hypothesized that any
observed differences in the device-related characteristics would offer insight into the effect of

sequence on the multiplicity of properties that contribute to device performance. To investigate
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these properties, bulk heterojunction (BHJ) solar cells were fabricated with the configuration of
ITO/PEDOT:PSS/oligomer:PCs1:BM (1:1)/Ca/Al for selected oligomers: Br-PBP-Br, Br-PPB-
Br, Br-PBPB-Br, Br-BPPB-Br, and Br-PPBB-Br. The tetramer, Br-PBBP-Br was not included
due to synthetic challenges (extremely poor solubility of intermediates) that precluded the

preparation of the quantities necessary for these studies.

Table 8. Device characteristics of BHJ solar cell with oligomers: PCBM (1:1)

Oligomers Thickness Jsc? VocP FFe PCE¢
/nm /mA-cm? v 1% 1%

Br-PBP-Br 131 0.02+0.01 0.455+.109 27.3+1.4 0.00+0.00
Br-PPB-Br 152 0.96+0.04 0.824+.009 35.1+0.4 0.28+0.01
Br-PPB-CN 219 0.94+0.14 0.844+.067 31.3£3.6 0.25+0.07
Br-BPP-CN 146 1.46+0.21 0.666+.041 33.74£5.6 0.34+0.10
Br-BPPB-Br 85 1.45+0.11 0.770£.016 41.245.8 0.47+£0.10
Br-PPBB-Br 84 3.16+0.16 0.717+.075 34.5£1.7 0.79£0.15
Br-PBPB-Br 89 4.85+0.42 0.768+.036 49.4+2.9 1.85+0.26

a Jsc: short circuit current; P Voc: open circuit voltage; ¢ FF: fill factor; ¢ PCE: power conversion efficiency.

The first sequence-based difference was observed in the trimer series with the same 2:1
P:B ratio (Table 8). Br-PBP-Br did not give any measurable performance in the solar cell, while
Br-PPB-Br exhibited a small but reproducible power conversion efficiency (PCE) of 0.28%. PPB
analogs with different end groups (Br-BPP-CN and Br-PPB-CN) were also studied. The
differences in PCE (0.28% - 0.37%) between all three PPB analogs were negligible, therefore no
reliable conclusion about end group effects on solar cell performance can be drawn from these
data. Increasing the conjugation length from trimer to tetramer increased the overall performance

of the materials as would be expected.>*
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Table 9. Hole mobilities of tetramers measured by space charge limited current method.

Oligomers Thickness Hole Mobility /
/nm x 10°cm?- V1. st
Br-BPPB-Br 118 594 +1.73
Br-PPBB-Br 137 1.58 + 0.43
Br-PBPB-Br 118 2.87 +1.01

For the 1:1 P:B ratio tetramers, the measured efficiencies ranged from 0.47% for Br-
BPPB-Br to 1.86% for Br-PBPB-Br, a difference of ~3x. Devices prepared with Br-PPBB-Br
exhibited an intermediate PCE of 0.79%. Please note that all three devices had similarly thin active
layers (~85 nm) such that the observed device performance can be directly correlated with the
optoelectronic properties of these oligomers. To provide more insight into the reasons for these
differences, the hole mobilities of the BHJ blends were measured via the space charge limited
current (SCLC) method by fabricating hole-only devices with the structure
ITO/PEDOT:PSS/Oligomer:PCe:BM (1:1)/MoOs/Al (Table 9). The hole mobilities follow the
trend Br-BPPB-Br (5.94 x 10° cm?V-1s?) > Br-PBPB-Br (2.87 x 10 cm?V-s') > Br-PPBB-
Br (1.58 x 10”° cm?V-1sh). The relatively low hole mobilities are consistent with the modest PCEs
exhibited by these oligomers; high fill factors are normally associated with mobility values of ~10
3 CmZV'1$'1.55'58

Film topologies of neat tetramer films and photoactive layers (tetramers/PCs1BM) in solar
cells were further characterized by tapping mode atomic force microscopy (AFM). As shown in
Figure 28, distinct topologies in spin-cast neat films of three tetramers were observed. Particularly,
the root mean squared (RMS) height of the neat Br-PBPB-Br film is much smaller than that of
the other two sequences (0.843 nm vs 14.2 nm and 17.2 nm). However, no obvious topology

differences in photoactive layers were observed between sequences (Figure 29).
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Figure 28. Height scans for tetramer films cast from chloroform solution.
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Figure 29. Height scans for tetramer:PCBM (1:1) blend films cast from chloroform solution.

119

Br-BPPB-Br

RMS=14.2 nm

10 15 20 25
pm

Br-BPPB-Br
RMS=2.32 nm

nm



3.3.5 Computational approach.

Table 10. Consensus model predicted oxidation, reduction and gap energies for dimers, trimers and tetramers.

Oligomer Predicted Ejgai/ V Predicted Epeay/V  AEg,"leV
Br-PB-Br? 1.06 -1.47 2.55
Br-PB-CN 1.20 -1.53 -
Br-BP-CN 1.27 -1.43 -
Br-BPB-Br 0.84 -.143 3.23
Br-PBP-Br 0.82 -1.44 3.36
Br-PBP-CN 0.96 -1.41 3.31
Br-PPB-Br? 0.81 -1.46 3.34
Br-PPB-CN 0.83 -1.45 3.12
Br-BPP-CN 0.99 -1.44 341
Br-PBB-CN 0.96 -1.40 3.09
Br-BPB-CN 0.94 -1.42 3.13
Br-BPPB-Br 0.66 -.144 3.09
Br-PBPB-Br? 0.76 -1.41 3.07
Br-PBPB-CN 0.63 -1.41 3.11
Br-PPBB-Br? 0.71 -1.36 3.05
Br-PPBB-CN 0.80 -1.40 3.11
Br-PBBP-Br 0.76 -1.37 3.10
Br-PBBP-CN 0.70 -1.38 3.11
Br-BPPB-CN 0.65 -1.44 3.19
Br-BPBP-CN 0.63 -1.41 3.11
Br-BBPP-CN 0.64 -1.41 3.04

2 average of values for two conformations

Computational experiments in this chapter were performed by llana Kanal and Prof.
Hutchison. Computational methods provide a fast and relatively inexpensive mechanism to screen

optoelectronic properties of t-conjugated materials. Several studies have found a high degree of

correlation between density functional theory (DFT) computed orbital eigenvalues, vertical
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ionization potentials and electron affinities,>*®° though these calculations yield nonphysical
results.’%2 In addition, DFT calculations provide accurate predictions of optical band gaps.® In
solution electrochemistry, redox potentials can be predicted based on the free energy change.54%
The adiabatic difference in total energy between the neutral and positively or negatively charged

systems (ASCF) provides oxidation or reduction potentials, respectively.

Table 11. Computed HOMO, LUMO and gap eigenvalues for hexamers.

Oligomer Computed HOMO? Computed LUMO?

leV leV AEggglpa/ eV
Br-PPPBBB-Br -4.79 -2.99 1.80
Br-PPBPBB-Br -4.80 -2.91 1.89
Br-PBPPBB-Br -4.81 -2.87 1.94
Br-BPPPBB-Br -4.77 -2.82 1.95
Br-BPBBPP-Br -4.81 -2.88 1.93
Br-BPPBPB-Br -4.83 -2.74 2.09
Br-BPPBBP-Br -4.70 -2.78 1.91
Br-PBBBPP-Br -4.86 -3.01 1.85
Br-PBPBBP-Br -4.87 -2.92 1.96
Br-PBPBPB-Br -4.66 -2.70 1.96

qaverage of values for two conformations

Since our objective was to reliably and accurately screen for targeted properties of
sequenced oligomers, a “consensus model” was chosen to extend these regression techniques to
minimize both systematic and random errors, i.e., to improve accuracy and correlation. The
consensus model used here combines two different computational predictions of an experimental
property using multivariate regression, e.g., oxidation potential. For redox potentials, calculated

HOMO or LUMO eigenvalues and adiabatic total energy differences (ASCF) were both used, and

to predict optical absorption energies, ZINDO and time-dependent DFT (TDDFT) methods were

combined with the HOMO-LUMO difference.
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The computational method was parameterized on the trimer and tetramer compounds that
were synthesized. The electronic properties of all possible dimer, trimer and tetramer sequences
were then predicted based on the derived models. (Table 10) When palindromic sequences were
examined (i.e. Br-PPB-Br and Br-BPP-Br), energy differences in predicted oxidation potentials

(~0.04 V), reduction potentials (~0.01 V) and optical absorption energies (~0.03 eV) were

observed due to conformational differences.*’
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Figure 30. Correlations between computed first oxidation potential, first reduction potential, and optical excitation
energies with their experimental counterparts. Note that for all predicted properties, a consensus model of two
predictors yields small residual errors compared to their experimental counterparts.

In general, computed and experimental parameters show only small residual errors

compared to their experimental counterparts (Figure 30). The mean unsigned errors (MUE)

between computed and experimental parameters after the linear regression analysis was found to
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be very low, with 0.03 V MUE for oxidation potentials (R? = 0.70), 0.04 V MUE for reduction
potentials (R? = 0.77), and 9 nm MUE for optical absorption maxima (R? = 0.89). The high degree
of agreement is not surprising because the sequenced oligomers define a closely analogous series,
and the consensus technique minimizes systematic and random errors. With the limited number of
experimental electrochemical measurements, the correlation coefficient R? is deceivingly poor.
Orbital shapes for each of the oligomers prepared were computed and are plotted in Figure 31.
As the MUEs between experiment and computed properties were low, we extended the
calculations to longer oligomers to explore the role of sequence and PP/BB pairings. The
electronic structure of all hexamers with 50:50 B:P ratios were computed (Table 11). Since

conformational effects can be significant, we again computed low energy conformers for both *
palindromic” orders (e.g., Br-PBPBPB-Br and Br-BPBPBP-Br) to estimate the variations due to

conformational local minima. We find the variation to be ~0.1 eV, on par with other estimates.*’

3.4  DISCUSSION

There are notable but not surprising trends in the coupling of the end groups to P vs. B
terminal units. When an electron-withdrawing end group is attached to the acceptor B units, the
absorption maximum shifts to the red. In contrast, a blue shift is observed when the electron-
withdrawing group is attached to the donor P unit, although the effect is smaller in magnitude. Not

surprisingly, the —CN group exhibited a larger effect than the more mildly withdrawing Br end

group. The electron-donating C8 groups modestly increase the absorption maxima when attached

to P units and decrease it when attached to B units. Overall, the Br group’s effects were found to
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be sufficiently modest that sequence-based differences could be differentiated without being

masked/dominated by these Br groups.

HOMO LUMO

Br-PBP-Br

Br-PPB-Br

Br-BPPB-Br

Br-PBBP-Br

Br-PBPB-Br

Br-PPBB-Br

Figure 31. Computed orbital shapes for trimers and tetramers studied.
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In examining the data, we observe that adjacent P units result in higher HOMO levels and
adjacent B units result lower LUMO levels. For example the two dibromo tetramers with higher
HOMO levels (lower E®*) are Br-PPBB-Br and Br-BPPB-Br, respectively. An even more
dramatic difference is seen for the LUMO levels, with Br-PPBB-Br and Br-PBBP-Br exhibiting
similar and much lower E™ levels. The smallest band gap is necessarily exhibited by the tetramer

with both, i.e., Br-PPBB-Br.
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Figure 32. Computed HOMO (top), LUMO (middle), and HOMO-LUMO Gap (bottom) values for hexamers as a
function of the number of nodes.

In examining the calculations there are interesting finding relevant both to end group

effects and to sequence effects. We observed that in longer sequenced oligomers, synthesized in
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silico rather than more laboriously in the lab, the role of the terminal groups is inherently lessened,
and the effect of internal sequence is therefore magnified. With regard to the effects of alternation
vs. localized structures, we observe in these calculated structures a noticeable correlation between

the number of “nodes” between P and B monomers and the computed LUMO energies of the

hexamers (Figure 32), but little correlation with the HOMO energies. Since the benzothiadiazole
B repeat is known as a strong acceptor, this suggests in longer oligomers, BB, BBB and similar
short blocks play a significant role in influencing the optoelectronic properties. Indeed, fewer
nodes (i.e., longer Bn block length) result in more negative LUMO energies and consequently
narrower band gaps. Consistently, our previous computational data mining to estimate a general
sequence effect in hexamers suggested that acceptor block length, and not necessarily donor
effects, should be the most significant factor in controlling optoelectronic properties,'® in good
agreement with this work.

We note that our previous combined experimental-computational investigation of the
sequence effect in phenylene-vinylene based oligomers also showed a similar range of electrical
and optical properties for the tetramers.'® The electrochemical gaps varied by ~0.2 eV for both the
series discussed herein and the previous PPV-based oligomers. Thus, despite the large difference
in redox properties between the B and P monomers (i.e., a strong donor-acceptor variation), this
does not translate into a larger sequence effect. These results combined with previous
computational investigations suggest that sequence based effects may be easily investigated and
exploited in the more synthetically accessible donor-donor polymers.4

Complex but distinct sequence effects were also manifested in the solar cell studies of these
materials. Due to the relatively short conjugation lengths of these tetramers, the PCEs of solar cells

incorporating these oligomers in the photoactive layer were modest (< 2%). Nonetheless, these
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measurements, combined with the related hole mobility and spectroscopic studies, provide some
interesting insights into how sequence can potentially be used in the design of higher performing
materials. The symmetric tetramer Br-BPPB-Br showed a thin film Amax that was 36 nm higher
(i.e., red-shifted) than that of Br-PPBB-Br. Interestingly, the absorption maximum for all of these
tetramers is red-shifted relative to that observed for a 50:50 random copolymer of the P and B
monomers reported by Li, et al.*’ This observation suggests that either the effective conjugation
length in these random copolymers is shorter than that of the tetramers or the tetramers are packed
more effectively in the solid state. The latter explanation is supported to some degree by the fact
that the absorption maxima for the three tetramers follow the reverse order in solution as they do
in the solid state. The mobilities also follow the same sequence-based trend as that observed for

the film absorption—the oligomer Br-BPPB-Br exhibited both the largest hole mobility and the

longest solid-state Amax.

A close inspection of photovoltaic device characteristics of these three bromo-terminated
oligomers (BPPB, PPBB and PBPB) show that the open circuit voltage (Voc) only varies slightly
between 0.72 V and 0.77 V. Given that Vo is largely determined by the energy level difference
between the HOMO of the donor material (oligomers in this case) and the LUMO of the acceptor
material (PCs1BM), the observed small difference (~ 0.05 V) is consistent with the observed
HOMO energy level difference among these three oligomers (~ 0.10 eV). The small difference is
not surprising, since one is comparing a solution measurement (CV) to a film measurement (Vo).

The short circuit current (Js¢), on the other hand, did show a significant dependence on
sequence. If we consider P as the “donor”, and B as the “acceptor”, then we have three cases that
can be analyzed: BPPB (D-A-A-D), PPBB (D-D-A-A), vs. PBPB (D-A-D-A). As the D-A

alternating structure is the dominant motif in conjugated copolymers,'® 1% 6668 jt might not be
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surprising to find that the PBPB (D-A-D-A)-based device gives the highest Jsc (and highest
efficiency) in the studied series. The D-D-A-A motif is the second best performing sequence. The
poorest performing sequence is the symmetric, BPPB (D-A-A-D) motif. This behavior is
consistent with the hypothesis that a D-A structure (i.e., typically having a strong dipole) weakens
the exciton binding energy and the geminate recombination, thereby benefitting the exciton
separation and charge generation.*® %71 Also consistent with this pattern we found that the
asymmetric trimer PPB gave a modest overall solar cell performance while the symmetric PBP

gave no measurable response.

3.5 CONCLUSIONS

We find that sequence is important in both solar cell performance and related properties.
In addition to PCE, we find that absorption, emission, solid-state packing, hole mobilities, and
HOMO-LUMO energy levels are all sequence dependent. We also demonstrate that using
calculations we can explore sequence-space to facilitate our understanding of sequence-dependent
behavior.

Although we see sequence dependence, it is clear that it remains challenging to fully
correlate structure with properties in these oligomers. For example, while the optical and
electrochemical properties of oligomers can be readily correlated with the sequence both
experimentally and computationally, the impact of sequence on the oligomer-based device
characteristics is much more difficult to understand. This is not a surprise, given that it is still a
grand challenge to draw such correlations even with conjugated polymers having multiple

constructing units.”
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Although not measured for these materials, it seems likely that other characteristics that
are important to device performance, including domain size in BHJ blends, thermal stability, etc.
will likewise exhibit sequence dependence. Particularly exciting is the potential for using
sequence to engineer multiple properties simultaneously. Amongst sequences that exhibit a
targeted intrinsic property, such as HOMO-LUMO gap, a range of bulk properties could be

exhibited—some sequences might pack well while others do not. The inverse is also possible—a

range of sequences could be identified that exhibit a particular morphological trait and then refined
on a desired intrinsic property, such as HOMO level. Future efforts will aim to correlate
intermolecular interactions, packing, film morphology, and interfacial organization with sequence
effects. The results should allow for combined computational and synthetic rational design of
materials that can fulfill the complex set of requirements necessary for highly efficient organic

solar cells and other applications.

3.6 EXPERIMENTAL

3.6.1 General materials

Br-P-CHO, Phos-P-CN, Br-P-Br, and Br-PP-CHO, were synthesized as described
previously.'® * Phos-B-Br and Br-B-CHO were prepared according to the method of Jorgenson,
et al*® and Lin, et al,”® respectively. Synthesis and characterization of sequenced oligomers with
C8 endgroups will be discussed in detail at next chapter. DIBAL-H (1.0 M in hexanes) was

purchased from Aldrich and dispensed using air-sensitive techniques. LiCl was stored in a 120 °C
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oven for at least 24 h before use. Dry THF from Sigma Aldrich was used for all reactions. CH2Cl;
was dried by passage through an alumina-packed column. All other reagents and solvents were
used as received. Column chromatography was carried out on standard grade silica gel (60 A pore

size, 40-63 um particle size), which was purchased and used as received.

3.6.2 Spectroscopy

NMR Spectroscopy.H (400 and 500 MHz) and **C (100, 125 and 150 MHz) NMR spectra
were recorded on Bruker spectrometers. Chemical shifts were referenced to residual *H or 3C
signals in deuterated solvents (7.26 and 77.0 ppm, respectively, for CDClz and 5.32 and 54.0 ppm,
respectively, for CD2Cly).

Mass Spectrometry. High resolution mass spectra were recorded on El-quadrupole or
ESI-TOF instruments in the Mass Spectrometry Facility of the University of Pittsburgh. MALDI
spectra were recorded on VVoyager-DE PRO instrument.

Optical Spectroscopy. Solution (CHCI3) UV/VIS absorption spectra were recorded on a
Perkin EImer Lambda 9 UV/VIS/NIR spectrometer. UV/VIS absorption spectra of films on glass
substrates were recorded on an Ocean Optics HR2000+CG-UV-NIR high-resolution spectrometer.
Solution (CHCIs) emission spectra were recorded on a Varian Cary Eclipse Fluorimeter.

Electrochemistry. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
were performed on a CHI Electrochemical Workstation Model 430a (Austin, TX) collected using
a three electrode system consisting of a glassy carbon disk (3 mm dia.) as working electrode, a
non-aqueous Ag/Ag+ reference electrode (1 MM AgNOs in acetonitrile), and a Pt-wire as auxiliary
electrode in 0.1 M BusNPFe¢ in dry THF. CV were recorded at 100 mV/s. DPV parameters were
as follows: scan rate of 25 mV/s, pulse amplitude 0.05 V and pulse period 0.16s.
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3.6.3 Computational Methods

Each possible trimer and tetramer sequence permutation was generated with a python script
from the monomer SMILES.” An initial 3D structure was generated using Open Babel 2.3.07°
(accessed through Pybel’®) and was minimized using the MMFF94 force field’’8! to find a low
energy minima conformation. Final geometries were optimized using Gaussian 098 with density
functional theory (DFT) B3LYP/6-31G*.3% To compare computational results with
electrochemical experiments, redox potentials were determined using a combination of orbital

energies (i.e., vertical ionization potential and electron affinity) and the ASCF procedure, taking

the adiabatic energy difference between the optimized geometries of neutral and charged species
using the conductor polarizable continuum model (C-PCM) model for tetrahydrofuran (THF).8®
To compare with optical absorptions, excitation energies and oscillator strengths were computed
using ZINDO®® and TDDFT using the optimized solution geometry of the neutral species using
the C-PCM solvation model®” for CHCls. Images of molecules and orbitals in the Supporting

Information were prepared using Avogadro.®

3.6.4 Device Fabrication and Testing

Photovoltaic devices were fabricated on glass substrates coated with patterned indium
doped tin oxide (ITO). Prior to use, the substrates were sonicated in deionized water, acetone, and
isopropyl alcohol for fifteen minutes each, followed by UV-ozone treatment for 15 minutes.
PEDOT:PSS (Clevios PH500 from Heraeus) was then spun cast onto the cleaned ITO substrates
at 4000 rpm for 60 s and baked at 130°C for fifteen minutes. Blends of tetramer:PCBM (1:1 w/w,
9 mg/mL tetramer) were dissolved in chloroform and heated at 40°C for 1 hour, then stirred at
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room temperature for an additional 4 hours. The solutions were then spun cast on the PEDOT:PSS
films for 60 s to yield ~85 nm films. The devices were finished for measurement by evaporation
of 30 nm of calcium and 70 nm of aluminum as the cathode at a pressure of 3x10® mbar. Device
testing was carried out under AM 1.5G irradiation calibrated with an NREL certified standard
silicon solar cell. Current density-voltage curves were measured via a Keithley 2400 digital source
meter. All steps after PEDOT:PSS deposition were carried out in N2-filled gloveboxes.

Hole mobility was measured via the space-charge limited current (SCLC) method through
hole-only devices with a configuration of ITO/PEDOT:PSS/tetramer:PCBM/MoO3/Al. The dark
current densities of the devices were measured with a Keithley 2400 digital source meter with an
applied voltage from 0 V to 6 V. The applied voltage was corrected from the voltage drop due to
series and contact resistance from ITO/PEDOT:PSS. Mobility values were extracted from the
Mott-Gurneys law:

9 vz

J= g Eréokn T3

where & is the dielectric constant of the tetramer, € is the permittivity of free space, un is the hole

mobility, V is the voltage drop across the device, and L is the thickness of the active layer.
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3.6.5 Synthesis of Phos-B-CN

/S\
/

e

4-Methylbenzol[c][1,2,5]thiadiazole (1)
Synthesis of 1 was adapted from the procedure reported by Dasilveiraneto, et. al.[®l SOCI;
(0.829 g, 6.90 mmol) was added slowly to a solution of EtzN (1.78 g, 17.6 mmol) and 2,3-
diaminotoluene (0.5 g, 4.10 mmol) in CH2Cl2 (16 mL). The mixture was allowed to reflux for 4 h.
After refluxing, solvent was removed in vacuo. H20 (150 mL) was added and the pH was adjusted
to 2 by addition of concentrated HCI. Steam distillation of the mixture followed by extraction with
CH2Cl> (3 x 100 ml). The organic layer was dried over MgSO4 and solvent was removed in vacuo
to give the title compound (0.52 g, 82%).H NMR (400 MHz, CDCls) & 7.80 (d, J = 8.8 Hz, 1H),
7.45 (t, J = 7.8 Hz, 1H), 7.30 (d, J = 6.7 Hz, 1H), 2.73 (s, 3H). The spectrum corresponds to

previously reported NMR data for this compound.*®

4-Bromo-7-methylbenzo[c][1,2,5]thiadiazole (2)
Synthesis of 2 was modified from a published procedure.Pl  4-
methylbenzo[c][1,2,5]thiadiazole (3.97 g, 28.4 mmol) was dissolved in 48% HBr (15 mL), and

Br> (2.11 g, 28.4 mmol) with 48% HBr (15 mL) was added very slowly. After the addition, the
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mixture was allowed to reflux for 16 h. The reaction was quenched by saturated Na;SO3 solution.
Purification by column chromatography produced a white solid (4.2 g, 65%).H NMR (400 MHz,
CDCl3)67.73 (d,J=7.3Hz, 1H), 7.24 (d, J = 1.1 Hz, 2H), 2.70 (d, J = 0.9 Hz, 3H). The spectrum

corresponds to previously reported NMR data for this compound.*®

/S\
N™ °N
\

-

7-(Bromomethyl)benzol[c][1,2,5]thiadiazole-4-carbonitrile (4)

Synthesis of 4 was modified from a published procedure.®®  7-
methylbenzo[c][1,2,5]thiadiazole-4-carbonitrile (0.14 g, 0.800 mmol), NBS (0.142 g, 0.80 mmol)
and benzoylperoxide (0.5 mg) were dissolved in DCE (7 mL) and heated to reflux. A solution of
33% HBr in AcOH (1 mL) was added. The reaction was cooled to RT after 1 h and solvent was
removed in vacuo. The product, a white solid (0.21 g) was used for subsequent reactions without
further purification. *H NMR (300 MHz, CDCls)  8.03 (d, J = 7.2 Hz, 1H), 7.75 (d, J = 7.2 Hz,

1H), 4.99 (s, 2H).

.S

N N
O \
MeO~F’J
Med CN

Dimethyl ((7-cyanobenzo[c][1,2,5]thiadiazol-4-yl)methyl)phosphonate (Phos-B-CN)

N

Phos-B-CN was synthesized by modification of a published procedure.*® Unpurified 7-
(bromomethyl)benzo[c][1,2,5]thiadiazole-4-carbonitrile (0.140 g) was dissolved in P(OCHz3)s (5

mL) and heated to reflux. The mixture was allowed to stand for 1.5 h to reach RT. P(OCH3)3 was
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removed in vacuo. The mixture was purified by column chromatography (silica gel, hexanes and
ethyl acetate) to give the title compound (0.12 g, 80% over two steps).*H NMR (500 MHz, CDCls)
§8.03 (dd, J=7.2, 1.1 Hz, 1H), 7.70 (ddt, J = 7.3, 3.9, 0.8 Hz, 1H), 3.85 (d, J = 0.8 Hz, 1H), 3.80
(d, J = 0.8 Hz, 1H), 3.75 (s, 3H), 3.73 (s, 3H). 3C NMR (101 MHz, CDCl3) § 154.36, 152.97,
136.06, 136.01, 132.05, 131.94, 129.02, 128.94, 115.40, 115.38, 104.87, 104.83, 53.34, 53.27,

29.75, 28.38. HRMS calcd for C10H1103N3PS: 284.02588 g/mol. Found: 284.02458 g/mol.

3.6.6 Synthesis of Sequenced Oligomers

OCgH13 N(S;N
CeH130

(E)-7-(4-Bromo-2,5-bis(hexyloxy)styryl)benzo[c][1,2,5]thiadiazole-4-carbonitrile
(Br-PB-CN)

Phos-B-CN (0.882 g, 3.11 mmol) was dissolved in dry THF (40 mL) under N2. NaH (0.622
g, 60% dispersion in mineral oil) was added and the resulting mixture was stirred for 1 h at room
temperature. RT. Br-P-CHO (0.600 g, 1.55 mmol) was added to the reaction mixture and the
reaction was stirred at RT for 5 h. The solvent was evaporated in vacuo. Saturated aqueous NH4Cl
was added to the residue. The aqueous layers were extracted 3x with CH.Cl (equal volume). The
combined organic layers were dried over MgSQg4, and the solvent was removed in vacuo. The
residues were purified by column chromatography (silica gel, hexanes and methylene chloride) to

give the title compound as a red solid (0.73 g, 87%).*H NMR (400 MHz, CDCl3) § 8.35 (d, J =
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16.6 Hz, 1H), 8.02 (d, J = 7.4 Hz, 1H), 7.83 — 7.63 (m, 2H), 7.18 (d, J = 25.1 Hz, 2H), 4.05 (dt, J
= 16.3, 6.3 Hz, 4H), 2.01 — 1.74 (m,4H), 1.53 (s, 4H), 1.38 (s, 8H), 0.92 (d, J = 5.2 Hz, 6H). 13C
NMR (101 MHz, CDCl3) § 152.68, 151.98, 149.92, 136.49, 136.04, 132.63, 132.26, 125.38,

123.58, 117.92, 114.39, 112.16, 103.07, 77.22, 70.41, 69.58, 31.63, 31.57, 29.29, 25.88, 25.72,

22.69, 22.62, 14.07. HRMS calcd for C27H3302N3BrS: 542.14769 g/mol. Found: 542.14638 g/mol.

N
N h OCgH13
Br O A\ O CN
CgH130

(E)-4-(2-(7-Bromobenzolc][1,2,5]thiadiazol-4-yl)vinyl)-2,5-bis(hexyloxy)benzonitrile
(Br-BP-CN)

Phos-P-CN (1.075 g, 2.53 mmol) and Br-B-CHO (0.3 g, 1.23 mmol) were dissolved in
dry THF (40 mL) under N2. KO'Bu in hexanes (3.87 mL x 1.0 M, 3.87 mmol) was added via
syringe and the resulting mixture was allowed to stand overnight with stirring. The solvent was
evaporated in vacuo. Saturated aqueous NH4Cl was added to the residue. The aqueous layers were
extracted 3x with CH2Cl; (equal volume). The combined organic layers were dried over MgSOs,
and the solvent was removed in vacuo. The residues were purified by column chromatography
(silica gel, hexanes and methylene chloride) to give the title compound as red solid (0.51 g, 77%).
'H NMR (400 MHz, CDCl3) 6 8.21 (d, J = 16.5 Hz, 1H), 7.79 (d, J = 7.6 Hz, 1H), 7.69 — 7.44 (m,
2H), 7.16 (s, 1H), 6.99 (s, 1H), 4.05 (t, J = 6.5 Hz, 2H), 3.95 (t, J = 6.4 Hz, 2H), 1.99 — 1.68 (m,
4H), 1.59 — 1.38 (m, 4H), 1.38 — 1.09 (m, 8H), 0.85 (td, J = 6.9, 4.1 Hz, 6H). 1*C NMR (101 MHz,

CDClI3) 6 155.21, 153.87,152.91, 150.63, 132.35, 132.29, 130.04, 128.13, 127.50, 127.07, 116.62,
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116.57, 113.39, 110.67, 101.44, 69.80, 69.55, 31.61, 31.52, 29.20, 29.08, 25.85, 25.60, 22.67,

22.57,14.06, 14.04. HRMS calcd for C27H3202N3BrS: 541.13986 g/mol. Found: 541.13708 g/mol.

(E)-4-bromo-7-(4-bromo-2,5-bis(hexyloxy)styryl)benzo[c][1,2,5]thiadiazole (Br-PB-
Br) According to the general procedure, Phos-B-Br (0.685 g, 2.032 mmol) was dissolved in dry
THF (40 mL) under N2. NaH (0.406 g, 60% dispersion in mineral oil) was added and the resulting
mixture was stirred for 1 h at room temperature. Br-P-CHO (0.6023 g, 1.56 mmol) was added to
the reaction mixture. The reaction was kept at room temperature for 5 h. After workup, column
chromatography (silica gel, hexanes and methylene chloride) was performed to give the title
compound as red solid (0.836 g, 90%). *H NMR (400 MHz, CDCls) § 8.20 (d, J = 16.5 Hz, 1H),
7.84 (d,J = 7.6 Hz, 1H), 7.71 — 7.50 (m, 2H), 7.21 (s, 1H), 7.12 (s, 1H), 4.04 (dt, J = 23.0, 6.4 Hz,
4H), 1.86 (p, J = 7.0 Hz, 4H), 1.54 (ddd, J = 15.3, 12.0, 7.1 Hz, 4H), 1.38 (tt, J = 7.2, 2.9 Hz, 8H),
0.97 — 0.70 (m, 6H).13C NMR (101 MHz, CDCls) § 154.03 , 151.77 , 150.08 , 132.54 , 130.95 ,
128.94 ,126.66 , 126.34 , 124.34 ,118.08 , 113.29, 112.49,112.13, 77.40, 70.58 , 69.78 , 31.82
,31.76,29.51, 29.49, 26.07 , 25.91, 22.87,22.81, 14.26 , 14.24 . HRMS calcd for C26H3302N-

2Br2S: 595.06295 g/mol. Found: 595.06118 g/mol.

137



(E)-4-(2,5-bis(hexyloxy)-4-(oct-7-en-1-yl)styryl)-7-(oct-7-en-1-
yl)benzo[c][1,2,5]thiadiazole (Cs-PB-Cs) Synthesis of C8-PB-C8 was modified from our
previous publication.?” 1-(hept-6-en-1-yl)-7-boratricyclo[4.1.1.03,7]octane (Cs-9-BBN) was
synthesized according to literature®® and stored in the glove box. In a Schlenk flask, Br-PB-Br
(0.0831 g, 0.139 mmol) and Pd(PPhs)2Cl> (0.0049 g, 5% mol) were added and transferred into the
glove box. DMF (7.5 mL) and toluene (7.5 mL) were added as solvent for the reaction, followed
by the addition of Cs-9-BBN (0.150 g, 0.742 mmol). The Schlenk flask was sealed by septa and
carried out of the glove box. The reaction mixture was protected under N2 and heated to 60 °C
overnight. The reaction was stopped by pouring into large amount of water. The organic phase was
separated and the aqueous phase was extracted with CH2Cl» twice. The combined organic layer
was washed by brine and dried over MgSOs. Solvent was removed in vacuo. Column
chromatography (silica gel, hexanes and methylene chloride) gave the product as orange solid
(0.0697 g, 76%). *H NMR (400 MHz, CDCl3) 6 8.20 (d, J = 16.5 Hz, 1H), 7.62 (dd, J = 11.9, 4.6
Hz, 2H), 7.34 (d, J = 7.2 Hz, 1H), 7.16 (s, 1H), 6.73 (s, 1H), 5.81 (dddd, J = 17.0, 10.8, 7.0, 4.2
Hz, 2H), 5.09 — 4.81 (m, 4H), 4.01 (td, J = 6.4, 2.0 Hz, 4H), 3.12 (t, J = 7.7 Hz, 2H), 2.61 (t, J =
7.7 Hz, 2H), 2.05 (d, J = 6.8 Hz, 4H), 1.84 (dt, J = 20.0, 7.2 Hz, 4H), 1.69 — 1.48 (m, 6H), 1.48 —
1.05 (m, 22H), 0.91 (t, J = 6.9 Hz, 6H). 3C NMR (101 MHz, CDCl3) § 155.72 , 153.92, 151.52,
151.18,139.39, 139.31, 134.58 , 133.28 , 129.46 , 127.82 , 126.04 , 124.89 , 123.61 , 115.57 ,
114.37,114.31,109.60, 77.40,69.96 , 68.95, 34.02 , 33.96 , 32.47,31.92,31.81, 30.78 , 30.26
, 29.87,29.80, 29.75, 29.65, 29.59 , 29.22 , 29.15, 29.11, 29.06 , 26.16 , 26.13 , 22.89 , 22.86

, 14.28 , 14.25 . HRMS calcd for C42Hs302N,S: 659.46103 g/mol. Found: 659.45803 g/mol.
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(E)-7-(4-Bromo-2,5-bis(hexyloxy)styryl)benzo[c][1,2,5]thiadiazole-4-carbaldehyde
(Br-PB-CHO)

Br-PB-CN (0.0471 g, 0.0868 mmol) was dissolved in dry CH.Cl, and cooled to -40 °C.
DIBAL-H (1, equiv, 1.0 M in hexanes) was added every 45 min until all the starting material was
consumed as observed by TLC. Wet silica (0.4 mL H20 and 1.3 g SiO2 per mmol DIBAL-H) was
added and the mixture was stirred at 0 "C for 1 h. K2COs (0.5 g per mmol DIBAL-H) and MgSO4
(0.5 g per mmol DIBAL-H) were added. The reaction mixture was filtered and the solids washed
with CH2Cl2. The combined filtrate and washes were reduced in volume in vacuo, and the residues
were purified by column chromatography (silica gel, hexanes and methylene chloride) to give the
title compound as red solid (0.0335 g, 71%). *H NMR (400 MHz, CD,Cl,) § 10.65 (s, 1H), 8.38
(d, J = 16.4 Hz, 1H), 8.13 (d, J = 7.4 Hz, 1H), 7.76 (dd, J = 24.2, 11.9 Hz, 2H), 7.14 (d, J = 36.7
Hz, 2H), 4.12 — 3.89 (m, 4H), 1.90 — 1.68 (m, 4H), 1.60 — 1.39 (m, 4H), 1.31 (s, 8H), 1.03 — 0.65
(m, 6H).*C NMR (101 MHz, CD,Cly) & 188.83, 152.34, 150.28, 137.31, 132.60, 132.09, 126.24,
126.15, 125.80, 124.77, 118.33, 114.13, 112.26, 70.67, 70.11, 54.27, 32.03, 31.95, 30.07, 29.70,
29.67, 26.28, 26.08, 23.08, 23.01, 14.23, 14.20. HRMS calcd for C27H3403N2BrS: 545.14735

g/mol. Found: 545.14587 g/mol.
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S-
N OCgH13
Br O N\ O CHO
CeH130

(E)-4-(2-(7-Bromobenzol[c][1,2,5]thiadiazol-4-yl)vinyl)-2,5-
bis(hexyloxy)benzaldehyde (Br-BP-CHO)

Br-BP-CN (0.103 g, 0.190 mmol) was dissolved in dry CH2Cl, and cooled to 0 °C.
DIBAL-H (1, equiv, 1.0 M in hexanes) was added every 45 min until all the starting material was
consumed as observed by TLC. Wetsilica (0.4 mL H>O and 1.3 g SiO2 per mmol DIBAL-H) was
added and the mixture was stirred at 0 “C for 1 h. K,CO3 (0.5 g per mmol DIBAL-H) and MgSOa
(0.5 g per mmol DIBAL-H) were added. The reaction mixture was filtered and the solids washed
with CH2Cl2. The combined filtrate and washes were reduced in volume in vacuo, and the residues
were purified by column chromatography (silica gel, hexanes and methylene chloride) to give the
title compound as red solid (0.086 g, 83%).'H NMR (400 MHz, CD,Cl,) § 10.38 (s, 1H), 8.30 (d,
J=16.5Hz, 1H), 7.80 (d, J = 7.6 Hz, 1H), 7.67 (d, J = 16.5 Hz, 1H), 7.54 (d, J = 7.7 Hz, 1H), 7.25
(d, J = 7.6 Hz, 2H), 4.04 (dt, J = 28.7, 6.4 Hz, 4H), 1.85 — 1.73 (m, 4H), 1.55 — 1.40 (m, 4H), 1.31
(dg, J = 10.3, 4.1, 3.7 Hz, 8H), 0.84 (td, J = 6.9, 5.5 Hz, 6H). 3C NMR (101 MHz, CD:Cl,) &
189.16, 156.51, 154.29, 151.61, 134.05, 132.74, 130.62, 128.99, 128.06, 127.52, 125.34, 113.45,
111.48, 110.51, 69.80, 69.67, 54.27, 54.00, 32.04, 31.94, 29.67, 29.61, 26.29, 26.15, 23.08, 22.99,

14.22, 14.18 . HRMS calcd for C27H3403N2BrS: 545.14735 g/mol. Found: 545.14455 g/mol.
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4-Bromo-7-((E)-4-((E)-4-bromo-2,5-bis(hexyloxy)styryl)-2,5-
bis(hexyloxy)styryl)benzo[c][1,2,5]thiadiazole (Br-PPB-Br)

Phos-P-Br (0.4432 g, 0.924 mmol) and Br-BP-CHO (0.2522 g, 0.462 mmol) were
dissolved in dry THF (20 mL) under N2. KO'Bu in hexanes (1.06 mL x 1.0 M, 1.06 mmol) was
added via syringe and the resulting mixture was allowed to stand overnight with stirring. The
reaction mixture was poured into saturated aqueous NH4Cl (50 mL). The aqueous layers were
extracted 3x with CH2Cl, (equal volume). The combined organic layers were dried over MgSOs,
and the solvent was removed in vacuo. The residues were purified by column chromatography
(silica gel, hexanes and methylene chloride) was performed to give the title compound as red solid
(0.049 g, 85%). *H NMR (400 MHz, CD,Cl) § 8.27 (d, J = 16.5 Hz, 1H), 7.78 (d, J = 7.9 Hz, 1H),
7.59 (d, J = 16.5 Hz, 1H), 7.51 (d, J = 7.7 Hz, 1H), 7.48 — 7.31 (m, 2H), 7.16 (s, 1H), 7.10 (s, 2H),
7.03 (s, 1H), 4.14 — 3.82 (m, 8H), 1.78 (dp, J = 22.3, 8.4, 7.4 Hz, 8H), 1.60 — 1.39 (m, 8H), 1.30
(d, J = 10.6 Hz, 13H), 1.18 (s, 3H), 0.83 (d, J = 5.7 Hz, 12H). 3C NMR (101 MHz, CDCl3) &
151.86, 151.28, 151.25, 150.02, 132.59, 131.29, 129.31, 128.53, 127.34, 126.61, 126.31, 124.11,
123.72,123.65, 118.01, 112.11, 112.00, 111.82, 111.07, 110.74, 77.40, 70.44, 69.76, 69.64, 31.90,
31.85, 31.78, 31.76, 29.72, 29.66, 29.49, 26.19, 26.13, 26.04, 25.91, 22.90, 22.86, 22.84, 22.80,
14.28, 14.25, 14.24 . HRMS calcd for CssHs204N2Br2S: 896.27970 g/mol. Found: 896.27471

g/mol.
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4,7-Bis((E)-4-bromo-2,5-bis(hexyloxy)styryl)benzo[c][1,2,5]thiadiazole (Br-PBP-Br)

Phos-P-Br (0.0302 g, 0.063 mmol) and Br-PB-CHO (0.0229 g, 0.0420 mmol) were
dissolved in dry THF (10 mL) under N2. KO'Bu in hexanes (0.10 mL x 1.0 M, 0.10 mmol) was
added via syringe and the resulting mixture was allowed to stand overnight with stirring. The
reaction mixture was poured into saturated aqueous NH4Cl (25 mL). The aqueous layers were
extracted 3x with CH2Cl> (equal volume). The combined organic layers were dried over MgSOa,
and the solvent was removed in vacuo. The residues were purified by column chromatography
(silica gel, hexanes and methylene chloride) was performed to give the title compound as red solid
(0.038 g, 99%).'H NMR (300 MHz, CDCl3) & 8.17 (d, J = 16.4 Hz, 2H), 7.81 — 7.47 (m, 4H), 7.18
(d, J = 3.3 Hz, 2H), 7.06 (s, 2H), 3.98 (dt, J = 18.2, 6.4 Hz, 8H), 1.81 (g, J = 7.4 Hz, 8H), 1.49 (s,
4H), 1.38 — 0.97 (m, 16H), 0.85 (g, J = 6.1, 5.5 Hz, 12H).13C NMR (101 MHz, CDCl3) & 154.17,
151.72, 150.09, 129.90, 127.72, 126.88, 126.83, 125.17, 118.09, 112.00, 77.40, 70.58, 69.84,
31.86, 31.77, 29.90, 29.55, 29.51, 26.10, 25.92, 22.88, 22.82, 14.27, 14.25. HRMS calcd for

Ca6He304N2Br2S: 897.28753 g/mol. Found: 897.28369 g/mol.

CgH130

4-((E)-4-((E)-2-(7-bromobenzo[c][1,2,5]thiadiazol-4-yl)vinyl)-2,5-
bis(hexyloxy)styryl)-2,5-bis(hexyloxy)benzonitrile (Br-BPP-CN) According to the general
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procedure, Phos-P-CN (0.242 g, 0.568 mmol) and Br-BP-CHO (0.206 g, 0.378 mmol) were
dissolved in dry THF (10 mL) under N2. 1.0 M KO'Bu in hexanes (0.11 mL, 0.11 mmol) was
added via syringe and the resulting mixture was allowed to stand overnight with stirring. After
workup, column chromatography (silica gel, hexanes and methylene chloride) was performed to
give the title compound as red solid (0.273 g, 85%).'H NMR (300 MHz, CD:Cl,) & 8.36 (d, J =
16.5 Hz, 1H), 7.87 (d, J = 7.6 Hz, 1H), 7.74 — 7.43 (m, 4H), 7.34 — 6.98 (m, 4H), 4.20 — 3.90 (m,
8H), 1.89 (dt, J = 16.2, 7.3 Hz, 8H), 1.52 (s, 8H), 1.37 (d, J = 9.0 Hz, 16H), 0.92 (d, J = 6.7 Hz,
12H).13C NMR (126 MHz, CDCls) § 155.26 , 153.08 , 151.58 , 151.36, 150.12, 133.46 , 132.37
, 130.93, 128.97 ,127.44 ,127.28 , 126.90 , 126.32, 123.97 , 122.73 , 116.84 , 116.44 , 112.14 ,
110.81, 110.78 , 110.15, 100.31, 77.20, 69.62 , 69.47 , 31.69 , 31.62 , 31.56 , 31.51 , 31.43,
29.50,29.42,29.17,29.08 , 25.98 , 25.92 , 25.81 , 25.60, 22.69 , 22.66 , 22.62 , 22.56 , 22.52 ,
14.07 , 14.04 , 14.02 , 13.97 . HRMS calcd for CasHssO2N2BrS,: 843.35926 g/mol. Found:

843.35991 g/mol.

4-((E)-2-(7-((E)-4-bromo-2,5-bis(hexyloxy)styryl)benzo[c][1,2,5]thiadiazol-4-
ylvinyl)-2,5-bis(hexyloxy)benzonitrile (Br-PBP-CN) According to the general procedure, Br-
PB-CHO (0.0260 g, 0.0480 mmol) and Phos-P-CN (0.0408 g, 0.150 mmol) were dissolved in
THF (10 mL) under N2. 1.0M KO'Bu solution in THF (0.15 ml, 0.15 mmol) was added and the

reaction was allowed to stand overnight with stirring. After workup, column chromatography

143



(silica gel, hexanes and methylene chloride) gave the title compound as red solid (0.0353 g,
87%).'H NMR (400 MHz, CD,Cl») & 8.41 (dd, J = 26.0, 16.5 Hz, 2H), 7.90 — 7.65 (m, 4H), 7.33
(d, J=11.6 Hz, 2H), 7.17 (d, J = 28.0 Hz, 2H), 4.14 (ddd, J = 20.6, 13.0, 4.5 Hz, 8H), 1.94 (d, J =
5.6 Hz, 8H), 1.74 — 1.53 (m, 8H), 1.45 (s, 16H), 0.99 (s, 12H). *C NMR (101 MHz, CDCl3) §
15541, 154.12 , 154.06 , 151.75, 150.72 , 150.06 , 133.03, 130.71, 129.09 , 128.27 , 128.06 ,
127.95,126.98 , 126.63 , 126.61 , 124.95 , 118.04 , 116.92 , 116.69 , 113.09, 111.99, 110.58 ,
101.15,70.55,69.94 ,69.79, 69.73 , 31.84 , 31.83, 31.76 , 31.71 , 29.53 , 29.49 , 29.43 , 29.28
, 26.08 , 26.05, 25.91 , 25.79 , 22.86 , 22.80 , 22.76 , 14.26 , 14.24 , 14.22 . HRMS calcd for

C47He204N3BrS: 843.36444 g/mol. Found: 843.36072 g/mol.

OCgH13 OCgH N S\
O O O CN

CgH130 CeHq30

7-((E)-4-((E)-4-bromo-2,5-bis(hexyloxy)styryl)-2,5-
bis(hexyloxy)styryl)benzo[c][1,2,5]thiadiazole-4-carbonitrile (Br-PPB-CN) According to the
general procedure, Phos-B-CN (0.0643 g, 0.227 mmol) was dissolved in dry THF (20 mL) under
N2. NaH (0.0454 g, 60% dispersion in mineral oil) was added and the resulting mixture was stirred
for 1 h at room temperature. Br-PP-CHO (0.104 g, 0.151 mmol) was added to the reaction
mixture. The reaction was kept at room temperature for 5 h. After workup, column
chromatography (silica gel, hexanes and methylene chloride) was performed to give the title
compound as red solid (0.114 g, 89%).'H NMR (400 MHz, CD2Cl,) & 8.50 (d, J = 16.5 Hz, 1H),
8.04 (d, J = 7.5 Hz, 1H), 7.77 (dd, J = 11.5, 8.6 Hz, 2H), 7.63 — 7.42 (m, 2H), 7.19 (dd, J = 30.6,

22.6 Hz, 4H), 4.22 — 3.89 (m, 8H), 1.88 (ddd, J = 22.2, 14.1, 7.0 Hz, 8H), 1.73 — 1.48 (m, 8H),
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1.38 (s, 16H), 0.92 (d, J = 5.1 Hz, 12H).3C NMR (126 MHz, CDCls) § 152.15, 151.14 , 151.01
,149.84 ,136.85 , 136.05 , 132.65 , 129.47 , 126.95 , 125.59 , 124.18 , 124.14 , 123.74 , 122.83 ,
117.82,115.93, 111.69 , 111.15 , 110.40 , 77.20 , 70.27 , 69.56 , 69.36 , 31.70 , 31.64 , 31.58 ,
31.57,29.48 ,29.44 ,29.30 , 29.28 , 25.99 , 25.93 , 25.84 , 25.72 , 22.70 , 22.66 , 22.64 , 22.61 ,

14.08, 14.05, 14.04 . HRMS calcd for CsoHssO4N3Br: 843.36107g/mol. Found: 843.35852 g/mol.

7,7-((1E,1'E)-(2,5-bis(hexyloxy)-1,4-phenylene)bis(ethene-2,1-diyl))bis(4-
bromobenzol[c][1,2,5]thiadiazole) (Br-BPB-Br) According to the general procedure, Phos-B-Br
(0.0324 g, 0.0962 mmol) was dissolved in dry THF (5 mL) under N2. NaH (0.0192 g, 60%
dispersion in mineral oil) was added and the resulting mixture was stirred for 1 h at room
temperature. Br-BP-CHO (0.0350 g, 0.0642 mmol) was added to the reaction mixture. The
reaction mixture was kept at room temperature for 5 h. After workup, column chromatography
(silica gel, hexanes and methylene chloride) was performed to give the title compound as red solid
(0.0447 g, 92%)."H NMR (400 MHz, CD,Cly) & 8.42 (d, J = 16.6 Hz, 2H), 7.92 (d, J = 7.6 Hz,
2H), 7.75 (dd, J = 16.5, 0.8 Hz, 2H), 7.65 (dd, J = 7.5, 0.7 Hz, 2H), 7.34 (s, 2H), 4.20 (t, J = 6.4
Hz, 4H), 2.05 — 1.92 (m, 4H), 1.66 (s, 4H), 1.51 — 1.40 (m, 8H), 1.03 — 0.81 (m, 6H). 3C NMR
not acquired due to poor solubility. HRMS calcd for C34H3s02N4Br2S,: 754.06464 g/mol. Found:

754.05968 g/mol. Compound has very low solubility which is reflected in the *H NMR spectrum.
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7-((E)-2-(7-((E)-4-bromo-2,5-bis(hexyloxy)styryl)benzo[c][1,2,5]thiadiazol-4-
ylhvinyl)benzo[c][1,2,5]thiadiazole-4-carbonitrile (Br-PBB-CN) According to the general
procedure, Phos-B-CN (0.0680 g, 0.240 mmol) was dissolved in dry THF (20 mL) under N.. NaH
(0.0384 g, 60% dispersion in mineral oil) was added and the resulting mixture was stirred for 1 h
at room temperature. Br-PB-CHO (0.0655 g, 0.120 mmol) was added to the reaction mixture. The
reaction was kept at room temperature for 5 h. After workup, column chromatography (silica gel,
hexanes and chloroform) was performed to give the title compound as red solid (0.0702 g, 83%).'H
NMR (400 MHz, CDCls) & 8.64 (t, J = 3.1 Hz, 2H), 8.29 (d, J = 16.6 Hz, 1H), 8.06 (d, J = 7.5 Hz,
1H), 7.86 (dd, J = 7.8, 1.2 Hz, 2H), 7.79 — 7.71 (m, 2H), 7.26 (s, 1H), 7.15 (s, 1H), 4.07 (dt, J =
19.3, 6.4 Hz, 4H), 1.89 (ddd, J = 12.9, 8.4, 6.5 Hz, 4H), 1.65 — 1.50 (m, 4H), 1.46 — 1.23 (m, 8H),
0.94 (tdd, J = 7.2, 3.8, 2.0 Hz, 6H). Compound has very low solubility which is reflected in the *H

NMR spectrum. **C NMR not acquired.

OC6H13 OCGH13 N S\

ar— )\ )\ [ )ror

C6H130 C6H13O
7-((E)-4-((E)-4-bromo-2,5-bis(hexyloxy)styryl)-2,5-
bis(hexyloxy)styryl)benzo[c][1,2,5]thiadiazole-4-carbaldehyde (Br-PPB-CHO) According to

the general procedure, Br-PPA-CN (0.101g, 0.120 mmol) was dissolved in dry CH2Cl» and cooled
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to -78 °C. 1 equivalent DIBAL-H (1.0M in hexanes) was added every 45 min until all OPV nitriles
were consumed. After workup, column chromatography (silica gel, hexanes and methylene
chloride) gave the title compound as red solid (0.0737 g, 72%).!H NMR (400 MHz, CD-Cl,) &
10.72 (s, 1H), 8.53 (d, J = 16.5 Hz, 1H), 8.21 (d, J = 7.4 Hz, 1H), 7.92 — 7.76 (m, 2H), 7.64 — 7.38
(m, 2H), 7.27 (s, 1H), 7.19 (d, J = 7.4 Hz, 2H), 7.12 (s, 1H), 4.20 — 3.90 (m, 8H), 2.17 — 1.69 (m,
8H), 1.69 — 1.36 (m, 24H), 0.92 (d, J = 5.9 Hz, 12H). 3C NMR (101 MHz, CD:Cl,) & 188.78 ,
154.21 ,152.48 , 151.52 , 151.43, 150.18 , 137.68 , 132.52 , 129.39 , 127.31, 126.30 , 125.96 ,
12431, 12419, 124.05, 118.12,112.06 , 111.79, 110.75, 70.52 , 69.82 , 54.27 , 32.12 , 32.05
,31.99,31.95, 30.07, 29.90, 29.84 , 29.68 , 26.40 , 26.32 , 26.23 , 26.09 , 23.11 , 23.07 , 23.05

,23.00,14.25,14.23,14.21,14.19 . HRMS calcd for C47HesOsN2BrS: 847.37193 g/mol. Found:

847.38022 g/mol.
S\
peettio N’ OCeH13
S eaveaVgt
CeH130

CgH¢30
4-((E)-2-(7-((E)-4-bromo-2,5-bis(hexyloxy)styryl)benzo[c][1,2,5]thiadiazol-4-
yl)vinyl)-2,5-bis(hexyloxy)benzaldehyde (Br-PBP-CHO) According to the general procedure
Br-PPB-CN (0.0318 g, 0.376 mmol) was dissolved in dry CH2Cl, and cooled to -78 °C. 1
equivalent DIBAL-H (1.0M in hexanes) was added every 45 min until all OPV nitriles were
consumed. After workup, column chromatography (silica gel, hexanes and methylene chloride)
gave the title compound as red solid (0.0264 g, 83%). *H NMR (400 MHz, CD,Cl,) § 10.46 (s,
1H), 8.37 (dd, J = 36.0, 16.5 Hz, 2H), 7.76 (dt, J = 22.7, 17.5 Hz, 4H), 7.40 — 7.08 (m, 4H), 4.29

~3.92 (m, 8H), 1.99 — 1.77 (m, 8H), 1.71 (t, J = 14.4 Hz, 4H), 1.58 (d, J = 30.7 Hz, 8H), 1.46 —
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1.17 (m, 16H), 0.91 (tt, J = 17.8, 8.9 Hz, 12H). 3C NMR (101 MHz, CDCls) § 189.33 , 156.37,
154.13, 151.75, 151.31, 150.07 , 134.42 , 128.14 , 128.01 , 127.73 , 127.44 , 126.69 , 126.63 ,
124.98 ,124.75, 118.01, 111.90, 110.90, 110.30, 70.53, 69.78 , 69.47 , 69.34 , 31.94 , 31.84 ,
31.83,29.61, 29.57, 29.56 , 29.50 , 26.16 , 26.06 , 25.98 , 22.96 , 22.88 , 22.86 , 14.35, 14.32,

14.30 . HRMS calcd for C47HesOsN2BrS: 847.37193 g/mol. Found: 847.37985 g/mol.

CgHy30

4-((E)-4-((E)-2-(7-bromobenzo[c][1,2,5]thiadiazol-4-yl)vinyl)-2,5-
bis(hexyloxy)styryl)-2,5-bis(hexyloxy)benzaldehyde (Br-BPP-CHQO) According to the general
procedure Br-BPP-CN (0.151 g, 0.179 mmol) was dissolved in dry CH2Cl> and cooled to -78 °C.
1 equivalent DIBAL-H (1.0M in hexanes) was added every 45 min until all OPV nitriles were
consumed. After workup, column chromatography (silica gel, hexanes and methylene chloride)
gave the title compound as red solid (0.121 g, 80%). *H NMR (400 MHz, CDCls) § 10.38 (s, 1H),
8.22 (d, J = 16.5 Hz, 1H), 7.77 (d, = 7.7 Hz, 1H), 7.71 — 7.36 (m, 4H), 7.30 — 7.06 (m, 4H), 4.13
—3.85 (m, 8H), 1.81 (dp, J = 21.3, 6.5 Hz, 8H), 1.61 — 1.39 (m, 8H), 1.39 — 1.06 (m, 16H), 0.84
(qd, J = 6.7, 3.4 Hz, 12H). 3C NMR (101 MHz, CDCl3) 5 189.14 , 156.24 , 151.61 , 151.36 ,
150.70, 134.93 , 132.39, 130.97 , 129.01 , 127.72 , 127.17 , 126.88 , 126.28 , 124.14 , 123.88 ,
123.28 ,110.81, 110.74 , 110.40, 110.07, 77.20 , 69.51 , 69.44 , 69.15, 69.07 , 31.70 , 31.65,
31.59,31.55,29.50, 29.44 ,29.24 , 29.22 , 25.99, 25.94 , 25.85, 25.80, 22.70 , 22.67 , 22.65,
22.62,22.59,14.08 ,14.05, 14.02 . HRMS calcd for C47Hs4OsN2BrS: 847.37193 g/mol. Found:

847.37979 g/mol.
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7-((E)-2-(7-((E)-4-bromo-2,5-bis(hexyloxy)styryl)benzo[c][1,2,5]thiadiazol-4-
ylhvinyl)benzo[c][1,2,5]thiadiazole-4-carbaldehyde (Br-PBB-CHO) According to the general
procedure Br-PBB-CN (0.0654 g, 0.0931 mmol) was dissolved in dry chloroform and cooled to -
40 °C. 1 equivalent DIBAL-H (1.0M in hexanes) was added every 45 min until all OPV nitriles
were consumed. After workup, column chromatography (silica gel, hexanes and chloroform) gave
the title compound as red solid (0.0267 g, 56%). *H NMR (300 MHz, CDCl3) § 10.69 (s, 1H), 8.76
—8.47 (m, 2H), 8.28 — 8.14 (m, 2H), 7.91 (d, J = 7.5 Hz, 1H), 7.80 (d, J = 7.6 Hz, 1H), 7.73 - 7.55
(m, 2H), 7.18 (s, 1H), 7.06 (s, 1H), 3.98 (dt, J = 16.1, 6.4 Hz, 4H), 1.93 — 1.68 (m, 4H), 1.50 (dt,
J=14.9, 7.4 Hz, 4H), 1.40 — 1.04 (m, 8H), 0.97 — 0.66 (m, 6H). 3C NMR (101 MHz, CDCl3) &
188.90, 153.98 , 151.84 , 150.08 , 137.02 , 133.45, 132.78 , 131.71 , 129.89 , 128.95 , 128.64 ,
128.40,126.51, 126.49 , 126.40, 126.26 , 124.86 , 113.35, 112.04, 70.57,69.80, 31.87 , 31.77
,29.89,29.55,29.50,26.11,25.92,22.90,22.82,14.30, 14.25. HRMS calcd for C35H3803N4S2:

705.15632 g/mol. Found: 705.15975 g/mol.

(E)-1,2-bis(4-((E)-2-(7-bromobenzo[c][1,2,5]thiadiazol-4-yl)vinyl)-2,5-

bis(hexyloxy)phenyl)ethane (Br-BPPB-Br) According to the general procedure, Phos-B-Br
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(0.0948 g, 0.281 mmol) was dissolved in dry THF (20 mL) under N2. NaH (0.0562 g, 60%
dispersion in mineral oil) was added and the resulting mixture was stirred for 1 h at room
temperature. Br-BPP-CHO (0.0795 g, 0.0938 mmol) was added to the reaction mixture. The
reaction was kept at room temperature for 5 h. After workup, column chromatography (silica gel,
hexanes and methylene chloride) gave the title compound as red solid (0.0904 g, 91%).H NMR
(400 MHz, CDCl3) § 8.27 (d, J = 16.5 Hz, 1H), 7.84 (d, J = 7.6 Hz, 1H), 7.68 (d, J = 16.5 Hz, 1H),
7.61—7.50 (m, 2H), 7.24 (s, 1H), 7.21 (s, 1H), 4.12 (td, J = 6.4, 2.8 Hz, 4H), 1.92 (ddt, J = 14.8,
8.4, 6.4 Hz, 4H), 1.68 — 1.53 (m, 4H), 1.47 — 1.31 (m, 8H), 0.99 — 0.85 (m, 6H).3C NMR (101
MHz, CDClI3) 6 153.21, 151.86, 151.27 , 132.36, 131.24 , 129.29 , 128.80 , 126.63 , 125.99 ,
123.96, 123,51, 111.95, 111.31, 77.13, 69.80 , 69.63 , 31.68 , 31.65, 29.56 , 29.53 , 25.97 ,
25.93 , 22.63 , 22.61 , 13.95 . HRMS calcd for CssHesOsN4Br2S2: 1056.28922 g/mol. Found:

1056.28639 g/mol.

4-bromo-7-((E)-2-(7-((E)-4-((E)-4-bromo-2,5-bis(hexyloxy)styryl)-2,5-
bis(hexyloxy)styryl)benzo[c][1,2,5]thiadiazol-4-yl)vinyl)benzo[c][1,2,5]thiadiazole (Br-
PPBB-Br) According to the general procedure, Phos-B-Br (0.0343 g, 0.102 mmol) was dissolved
in dry THF (10 mL) under N.. NaH (0.0204 g, 60% dispersion in mineral oil) was added and the

resulting mixture was stirred for 1 h at room temperature. Br-PPB-CHO (0.0431 g, 0.0508 mmol)
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was added to the reaction mixture. The reaction was kept at room temperature for 5 h. After
workup, column chromatography (silica gel, hexanes and methylene chloride) gave the title
compound as red solid (0.0456 g, 85%).'"H NMR (400 MHz, CD-Cl,) & 8.55 — 8.34 (m, 3H), 7.95
—7.65 (m, 5H), 7.56 — 7.40 (m, 2H), 7.18 (t, J = 29.2 Hz, 4H), 4.18 — 3.90 (m, 8H), 1.89 (ddt, J =
33.6, 14.4, 7.2 Hz, 8H), 1.71 — 1.46 (m, 8H), 1.47 — 1.16 (m, 16H), 0.92 (h, J = 7.4 Hz, 12H).3C
NMR (101 MHz, CDCl3) 6 154.14 , 153.95, 153.85, 151.69 , 151.08 , 149.83 , 132.39, 131.09,
130.56 , 128.71 , 128.65, 128.20 , 127.63 , 127.19 , 126.77 , 123.95 , 123.42 , 111.77 , 110.55,
77.20,70.25,69.56 , 31.75, 31.67 , 31.60, 31.57 , 29.56 , 29.48 , 29.30, 26.04 , 25.95, 25.85,
25.72,22.73,22.68 ,22.65, 22.61,14.12 , 14.04. Calcd for Cs4HssOsN4Br2S: 1056.28922 g/mol.

MALDI Found: 1056.3917 g/mol.

4-bromo-7-((E)-4-((E)-2-(7-((E)-4-bromo-2,5-
bis(hexyloxy)styryl)benzo[c][1,2,5]thiadiazol-4-yl)vinyl)-2,5-
bis(hexyloxy)styryl)benzo[c][1,2,5]thiadiazole (Br-PBPB-Br) According to the general
procedure, Phos-B-Br (0.0229 g, 0.068 mmol) was dissolved in dry THF (10 mL) under N2. NaH
(0.0136 g, 60% dispersion in mineral oil) was added and the resulting mixture was stirred for 1 h
at room temperature. Br-PBP-CHO (0.0314 g, 0.0370 mmol) was added to the reaction mixture.

The reaction was kept at room temperature for 5 h. After workup, column chromatography (silica
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gel, hexanes and methylene chloride) gave the title compound as red solid (0.0304 g, 77%).'H
NMR (400 MHz, CDCls) & 8.51 — 8.18 (m, 4H), 7.93 — 7.55 (m, 8H), 7.29 (s, 1H), 7.13 (s, 1H),
4.20—3.99 (m, 8H), 1.91 (m, J = 33.6, 12.5, 9.4, 5.0 Hz, 8H), 1.72 — 1.47 (m, 8H), 1.45 — 1.10 (m,
16H), 0.94 (m, J = 7.2, 2.8, 2.0 Hz, 12H).13C NMR (101 MHz, CDCls) § 153.26 , 151.84 , 151.73
, 151.67 ,150.04 , 132.55, 131.18 , 130.05, 129.72, 129.20, 128.11, 127.91, 127.54 , 127.22 ,
126.87 ,126.80 , 126.68 , 126.36 , 125.13 , 124.97 , 123.87 , 118.02 , 111.89, 110.96 , 110.74 ,
70.53,69.79,69.77,69.70 , 31.96 , 31.94 , 31.87, 31.77 , 29.77 , 29.74 , 29.56 , 29.51 , 26.23,
26.21,26.10, 25.92 ,22.92 ,22.88 , 22.81, 14.31 , 14.28 , 14.25. Calcd for CssHesOsN4BI2S;:

1056.28922 g/mol. MALDI found: 1056.3657 g/mol.

(E)-1,2-bis(7-((E)-4-bromo-2,5-bis(hexyloxy)styryl)benzo[c][1,2,5]thiadiazol-4-
yl)ethane (Br-PBBP-Br) According to the general procedure, Phos-P-Br (0.0691 g, 0.144 mmol)
and Br-PBB-CHO (0.267 g, 0.378 mmol) were dissolved in dry THF (30 mL) under N2. 1.0 M
KO'Bu in hexanes (0.15 mL, 0.15 mmol) was added via syringe and the resulting mixture was
allowed to stand overnight with stirring. After workup, column chromatography (silica gel,
hexanes and methylene chloride) was performed to give the title compound as red solid (0.0239 g,
60%).2H NMR (400 MHz, CDCl3) & 8.53 (s, 2H), 8.25 (d, J = 16.5 Hz, 2H), 7.81 (d, J = 7.6 Hz,
3H), 7.76 — 7.70 (m, 3H), 7.24 (s, 2H), 7.12 (s, 2H), 4.05 (dt, J = 24.3, 6.4 Hz, 8H), 1.96 — 1.80
(m, 8H), 1.67 — 1.48 (m, 8H), 1.46 — 1.31 (m, 16H), 0.92 (g, J = 10.6, 8.8 Hz, 12H). 3C NMR
(101 MHz, CDCl3) 6 154.34 , 154.23 ,151.86, 150.18 , 130.56 , 129.70 , 129.33 , 128.27 , 128.17
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, 126.89 , 126.85, 125.19, 118.17, 113.09, 112.09, 77.50, 70.67 , 69.93 , 31.98 , 31.88 , 30.00
,29.67,29.62, 26.22 , 26.03, 23.00, 22.92 , 14.40, 14.36, 1.31 . HRMS calcd for CssHesO4N-

4Br2Sz: 1056.28922 g/mol. Found: 1056.28471 g/mol.

7-((E)-4-((E)-2-(7-((E)-4-bromo-2,5-bis(hexyloxy)styryl)benzo[c][1,2,5]thiadiazol-4-
yhvinyl)-2,5-bis(hexyloxy)styryl)benzo[c][1,2,5]thiadiazole-4-carbonitrile  (Br-PBPB-CN)
According to the general procedure, Phos-B-CN (0.0175 g, 0.062 mmol) was dissolved in dry
THF (15 mL) under N2. NaH (0.0124 g, 60% dispersion in mineral oil) was added and the resulting
mixture was stirred for 1 h at room temperature. Br-PBP-CHO (0.0264 g, 0.031 mmol) was added
to the reaction mixture. The reaction was kept at room temperature for 5 h. After workup, column
chromatography (silica gel, hexanes and methylene chloride) gave the title compound as red solid
(0.0221 g, 70%).'H NMR (400 MHz, CD2Cly) & 8.61 — 8.22 (m, 3H), 8.03 (d, J = 7.4 Hz, 1H),
7.85—7.61 (m, 6H), 7.24 (dd, J = 31.8, 28.4 Hz, 4H), 4.24 — 3.94 (m, 8H), 2.09 — 1.77 (m, 8H),
1.77 - 1.14 (m, 24H), 0.94 (d, J = 5.6 Hz, 12H). 3C NMR (101 MHz, CDCl3) § 154.19 , 153.93 ,
152.34 ,151.71 , 150.07 , 136.95, 136.23 , 132.76 , 129.99 , 129.89 , 129.27 , 127.78 , 127.01 ,
126.86 , 126.78 , 126.41 , 125.67 , 125.12 , 124.44 | 123.30, 118.06 , 116.11 , 112.91, 111.96,

111.32,110.68, 102.83, 70.56,69.82, 69.67 ,31.94,31.91, 31.86, 31.77, 29.89, 29.73 , 29.69
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,29.55, 2951, 26.22 , 26.20, 26.10, 25.92, 22.92 , 22.88 , 22.81, 14.30, 14.27 , 14.25. HRMS

calcd for CssHesO4NsBrS,: 1003.37341 g/mol. Found: 1003.37827 g/mol.

7-((E)-2-(7-((E)-4-((E)-4-bromo-2,5-bis(hexyloxy)styryl)-2,5-

bis(hexyloxy)styryl)benzo[c][1,2,5]thiadiazol-4-yl)vinyl)benzo[c][1,2,5]thiadiazole-4-

carbonitrile (Br-PPBB-CN) According to the general procedure, Phos-B-CN (0.0260 g, 0.092
mmol) was dissolved in dry THF (10 mL) under N2. NaH (0.0221 g, 60% dispersion in mineral
oil) was added and the resulting mixture was stirred for 1 h at room temperature. Br-PP-CHO
(0.0390 g, 0.046 mmol) was added to the reaction mixture. The reaction was kept at room
temperature for 5 h. After workup, column chromatography (silica gel, hexanes and methylene
chloride) gave the title compound as red solid (0.0412 g, 89%).'*H NMR (400 MHz, CD:Cly) &
8.78 — 8.57 (m, 2H), 8.45 (d, J = 16.4 Hz, 1H), 8.09 (d, J = 7.4 Hz, 1H), 7.90 (d, J = 7.4 Hz, 2H),
7.86 — 7.71 (m, 2H), 7.61 — 7.39 (m, 2H), 7.35 — 7.03 (m, 4H), 4.22 — 3.90 (m, 8H), 2.03 — 1.76
(m, 8H), 1.53 (s, 8H), 1.47 — 1.00 (m, 16H), 1.00 — 0.76 (m, 12H). Calcd for CssHesOsNsBISy:
1003.37341 g/mol. MALDI found: 1003.3201 g/mol. Compound has very low solubility. *3C

NMR not acquired.
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40 SEQUENCE EFFECTS IN CONJUGATED DONOR-ACCEPTOR POLYMERS

41 OVERVIEW

To investigate the sequence effect on donor-acceptor conjugated oligomers and polymers
the trimeric isomers PBP and BPP, comprising dialkoxy phenylene vinylene (P), benzothiadiazole
vinylene (B), and alkyl endgroups with terminal olefins, were synthesized. Sequence effects were
evident in the optical/electrochemical properties and thermal properties. The PBP and BPP trimers
were used as macromonomers in an ADMET polymerization to give PolyPBP and PolyBPP. The
optical and electrochemical properties were similar to those of their trimer precursors—sequence
effects were still evident. These results suggest that sequence is a tunable variable for electronic
materials and that the polymerization of oligomeric sequences is a useful approach to introducing
sequence into polymers. The majority of the work presented in this chapter was previously
published in Zhang, S.; Hutchison, G. R.; Meyer, T. Y., Sequence Effects in Conjugated Donor—

Acceptor Trimers and Polymers. Macromolecular Rapid Communications 2016, 37 (11), 882-

887.
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4.2 INTRODUCTION

Semiconducting organic molecules have a significant potential for a wide variety of
applications due to their inherent flexibility, low density, potential cost efficiency, and roll-to-roll
processibility.?® These materials have been used to make electronic devices including organic field
effect transistors, organic light emitting diodes and organic solar cells. In all cases, the physical
and chemical properties of the conjugated materials including HOMO-LUMO band gaps, optical
and electrochemical properties, film morphologies and thermal properties have a profound
influence on the performance of fabricated devices.? 1012

Both semiconducting small molecules and polymers have been exploited by researchers
for the creation organic electronic devices as each of them offer specific advantages.
Semiconducting small molecules exhibit well-defined structure, crystallinity, chain-end control,
and high chemical purity.®* 78 13 Conjugated polymers, which are generally less structurally
controlled, are facile film-makers with better mechanical qualities.® To further engineer properties
in both systems, there have been major efforts directed at developing structure-function
relationships at the molecular level. Widely utilized approaches for designing conjugated
molecules include incorporating electron-rich and electron-poor monomers (donor-acceptor
strategy), tailoring side-chains, developing new repeating units and increasing the coplanarity of
the polymer backbone.? 11 14-19

Recently, the control of sequence has been recognized as a powerful but underutilized
structural tool for controlling the properties of oligomers and polymers.?®-2? In non-conjugated
systems sequence has been observed to affect degradation, crystallinity and self-assembly
behaviors.2? Although it can be argued, especially in the case of conjugated oligomers, that

sequence isomers are simply different molecules and that, as such, they possess different
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properties, we submit that the use of the sequence descriptor is powerful. First, the semi-
conducting community has long referenced and exploited the idea of individual monomer units.
Copolymers/oligomers of thiophenes, phenylenes, and other molecules capable of conjugation
have been prepared and their properties reported as distinctive based on unit composition. Second,
the idea that properties can be controlled by rearrangement of preformed molecular units has long
been recognized and utilized in biological systems—this idea has been less explored in synthetic
materials.  Finally, sequence provides an opportunity for both rationale design, when
structure/function correlations are understood, and for the creation of libraries which can be
queried proteomics-style for desirable combinations of properties, e.g., HOMO-LUMO gap,
efficient -stacking, and solubility.

Although there have been fewer reports of the effects of sequence in conjugated materials
there are some intriguing results.®>34 Liang and coworkers, for example, reported two isomeric
compounds with different sequences which can be generically written as ABACABA vs.
AABCBAA. Despite nominal difference in their optical properties and HOMO-LUMO band gaps,
their power conversion efficiencies were significantly different, 4.53% vs. 1.58%.%* Palermo, et
al. investigated copolymers composed of thiophene and selenophene derivatives with gradient
sequence, block, and random structures. The gradient sequence displayed unique thin-film
morphology, optical and thermal properties.*

We have reported previously on the effects of sequence on oligomers comprising dialkoxy-
substituted phenylene vinylene and unsubstituted phenylene monomers.? We found differences
of ca. 0.24 V in the electrochemical band gap in tetramers and hexamers in this series, attributable

to sequence effects and the coupling of sequence with end group effects.
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In this study we expand our scope to include acceptor-type units, employ mildly perturbing
alkyl end groups, and examine in parallel oligomers and polymers prepared from the oligomers.
As the performance of semiconducting materials depends both on the intrinsic photophysical
properties and on how the materials pack in the solid state, both are examined. We focus here on
the conventional pair of donor-acceptor monomers, dialkoxy-substituted phenylene vinylene (P,
donor) and benzothiadiazole vinylene (B, acceptor), and we examine the effect of sequence in two
isomeric trimeric oligomers, PBP and BPP, which also bear polymerizable end groups. As these
polymerizable end groups are mildly donating alkyl substituents, rather than the more
electronically interactive cyano groups used in our previous study, the sequence effects are
expected to be the primary contributor to differences in photophysical properties. Trimers, defined
by the number of aryl units present in the oligomer, were chosen as they represent the smallest unit
in which moiety-sequence-isomers can exist and are also the smallest unit used in semiconducting
materials.

In addition to examining trimeric oligomers, we prepare and characterize polymers which
bear these oligomers as isolated units separated by flexible spacers. We chose this approach over
preparing a fully conjugated species for several reasons: 1) Practicality of synthesis—these
materials are more easily prepared than most sequence-controlled fully conjugated polymers; 2)
Control of variables—by including the pre-formed oligomers as isolated units in a polymer, they
retain their chemical identity; and 3) Potential for application—structures of this type have been
reported to offer, in some cases, advantages in increased solubility, improved processibility, higher
charge carrier mobilities and access to novel morphologies relative to the fully conjugated

analogs.3>-%
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43 RESULTS

4.3.1 Synthesis

As described in Chapter 3, two macromonomers, PBP and BPP, were synthesized from
five small molecule building units Br-B-CHO, Phos-P-Br, Phos-P-CN, Phos-B-CN and Br-B-
CHO (Phos = dimethyl phosphonate). For example, coupling Br-P-CHO and Phos-B-CN
together with Horner-Wadsworth-Emmons (HWE) produced nitrile-terminated dimer Br-PB-CN.
This dimer was then prepared for the subsequent additions by reductive conversion of the nitrile
to an aldehyde. HWE coupling of the resultant aldehydes Br-PB-CHO with Phos-P-Br led to
dibromo-terminated trimers which were subsequently functionalized with two olefin-terminated
alkyl units via Suzuki coupling with a borane reagent. These final oligomers, which bear the
olefin-terminated side-chains, are named PBP and BPP for simplicity. Moreover, the term
“trimer” is used throughout, based on the number of aryl units present.

PolyPBP and PolyBPP were obtained from the diolefin-terminated macromonomers by
ADMET polymerization with the Grubbs Il catalyst. We found that both catalyst loading ratio and
temperature control are critical for the polymerization. This reaction only yields very short
oligomers with 2 mol% catalyst and 30-40 °C reaction temperature. However using a relatively
high reaction temperature (70 °C) and a higher than normal catalyst loading (5 mol%) we were
able to obtain polymers of higher molecular weight than those previously reported for a similar
material (19-24 KDa vs 7 KDa).>” We hypothesize that these conditions minimize the effect of
reaction-inhibiting coordination of the benzothiadiazole groups to the ruthenium catalyst. The

resultant polymers consisted of conjugated trimeric units separated by a flexible linker. For
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PolyBPP, two regiochemical isomers could form in the polymer chain, ~BPP~ and ~PPB~, which

should not change its properties in solution phase but might impact its solid state properties.

Table 12. Polymer molecular weights.

Compounds Mn®/KDa Mw?%KDa PDI
PolyPBP 19 30 1.6
PolyBPP 24 41 1.7

2Molecular weight determined by SEC in THF vs polystyrene standards
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Figure 33. Synthesis of macromonomer PBP and PolyPBP.
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4.3.2 Optical properties

Significant sequence-dependent optical properties of both of the macromonomers and their
polymers were observed (Table 13, Figure 35). The absorption maxima of PBP and BPP are 489
and 448 nm, respectively, giving a sequence-based difference of 41 nm. Unsurprisingly, given the
non-conducting nature of the spacer, the polymer Amax are nearly identical with those of their
precursors. The sequence-based difference is immediately apparent in the colors of the polymers,

with PolyPBP appearing orange in solution, while PolyBPP is yellow.
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Figure 35. a) Absorption spectra of macromonomers and polymers in chloroform (1.0 x 105 M). b) Emission spectra
of macromonomers and polymers in chloroform solution (1.0 x 10° M). ¢) PolyPBP and PolyBPP solution in
chloroform (1.0 x 10" M). Concentrations of polymers are defined as molarity of trimeric units.

Sequence effects are also present in the solution fluorescence spectra. In this case, however,
the differences are primarily in intensity of the emission. PBP shows an emission maximum of
618 nm which is nearly the same as that of BPP (615 nm). Moreover, the polymer emission spectra
are only slightly different from those of their precursor monomers. The effect of sequence on
emission intensity is dramatic, however. The molar emission intensity of PBP is approximately
five times higher than that of BPP. The polymers follow the same trend although the ratio of
intensities is only three times higher. Interestingly, in our previous studies on sequenced oligomers

bearing only PPV-type units,?* we did not observe differences of this magnitude, nor have we

170



found citations of similar sequence-driven differences in the literature. As emission intensity is

related to the performance of organic materials in OLED-type devices, this sequence-based

difference is notable.

The film emission spectra (Figures 36) exhibit intriguing differences in behavior both

between sequences and as a function of polymerization. The 645 nm maximum of PBP is red-

shifted significantly relative to the 618 nm maximum observed in solution. All of the other

materials, including PolyPBP have film emissions that are blue-shifted relative to their solution-

phase emission maxima.
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Figure 36. Film emission spectra for macromonomers and polymers. Samples were fabricated by drop casting from

chloroform solution.

Table 13. Physical properties of monomers and polymers

Compounds ?‘?ﬂ%a %En%a %ﬁ%ﬁ“mb }})/Ict:elting point
PBP 489 618 645 56.2

BPP 448 613 591 73.7

PolyPBP 488 622 607 -

PolyBPP 448 613 591 -

@ Measured in chloroform (1.0 x 10> M); ® Films were fabricated by drop casting from chloroform

solution on glass plate.
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4.3.3 Electrochemical Properties

BPP
BPP
PolyBPP
PolyBPP
03 06 09 12 25 20 -15 -10
PBP PBP
*
PolyPBP PolyPBP
0.2 0.0 0.2 0.4 0.6 0.8 1.0 24 20 16 12 08
E(V) vs. Ag/Ag” E(V) vs. Ag/Ag*

Figure 37. Differential pulse voltammetry measurements of macromonomer and polymer in THF solution. Left:
Oxidation. Right: Reduction (* marks the O, background peak).

The electrochemical properties of these molecules were analyzed by cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) (Table 14, Figure 37). In the case of the
macromonomers, the most significant difference is found in the first reduction peak which

corresponds to some degree with the LUMO level. PBP has a first reduction value in THF of -
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1.68 V vs. Ag/Ag" while the first reduction of BPP is found 0.15 V more negative at -1.83 V. The
oxidation values are similar to each other at 0.66 and 0.61 V, respectively. The electrochemical

band gaps for these two molecules, 2.34 and 2.44 V, differ by 0.1 V.

Table 14. Electrochemical properties of monomers and polymers

Compounds peak 1 V Epea 2/ V AEgS,‘ eV
PBP 0.66 (0.23) -1.68 (-2.02°)  2.34 (2.25")
BPP 0.61 -1.83 2.44
PolyPBP 1.00 (0.13) -1.52 (-2.03°)  2.52(2.16")
PolyBPP 0.61 -1.76 2.37

2 potential vs. Ag/Ag*, 240 uM in 0.1 M BusNPFg in THF; ° redox potentials measured

in methylene chloride; © Determined as AEgS, = e(Epeak — E;‘;‘;k).

The electrochemical behavior of the polymers is more complex due to aggregation effects.
We initially expected the electrochemical behavior of the polymers to be quite similar to that
observed for the macromonomers due to the isolation of the conjugated trimers by the non-
conducting spacers. This assumption held true for the reduction DPVs, which are only slightly
shifted from those of their macromonomers and exhibit a similar overall pattern (Figure 37).
Likewise, in the oxidation portion of the DPV, the BPP macromonomer and the corresponding
polymer are very similar. For PolyPBP, however, the oxidation DPV trace of the polymer was
dramatically different from that of the macromonomer (Appendix C). The region in which the
first oxidation peak would be expected was an ill-defined shoulder of the first clear peak at ca. 1
V vs. Ag/Ag". The electrochemistry for both PBP-derived materials was therefore repeated in
methylene chloride, which we knew to be a better solvent for these molecules. Consistent with

our theory of aggregation the two oxidation DPV traces became similar in methylene chloride and
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exhibited identifiable first oxidation peaks in the same region (ca 0.1-0.2 V vs. Ag/Ag*, Figure

37).

4.3.4 Thermal properties and morphology

Sequence effects were found in the thermal properties as well. The differential scanning
calorimetry (DSC) trace of PBP exhibits an endothermal melting transition at 56.2 °C during the
first heating cycle. No crystallization was noted during the cooling cycle nor a melting peak in the
second heating cycle (10 deg/min). BPP, in contrast, exhibits both a melting transition at 73.7 °C
and a crystallization at 35.5 °C during the cooling cycle. Neither polymer exhibited crystallinity
even when subjected to annealing periods prior to measurement. We have observed previously
that sequence copolymers are difficult to crystallize even when consisting of units that are known

to crystallize at shorter chain lengths.3®

Figure 38. Microscopic image (x50) of PBP macromonomer (left) and PBP polymer (right).
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Figure 39. AFM amplitude scans for PolyPBP films (left) and PolyBPP films (right) fabricated by spin-coated from

chloroform solution.

General differences in the films prepared from these four materials were also observed,

although the differences were not sequence-based.

Consistent with expectations, the

macromonomers did not give good films by drop casting onto a glass substrate. The films were

brittle and cracked when dry. The polymers, in contrast, produced homogeneous films that did

not crack (Figure 38). AFM examination of the spin-coated polymer films, however, showed

them to be featureless with no sequence-related differences or obvious signs of long-range order

(Figure 39).

44  DISCUSSION

Overall we can see that the simplest of sequence differences, PBP vs. BPP, has intriguing

effects both in the macromonomers and the polymers derived from them. Both the optical

spectroscopy and the electrochemistry confirm that altering the sequence, which necessarily
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includes changing which monomers bear the mildly donating alkyl substituents, affects the
HOMO-LUMO gap, primarily due to the change in the reduction potential of the conjugated unit.
These electronic properties are retained in the polymeric form. Also, interesting is the effect of
sequence on the intensities of the emissions. Both PBP-derived materials exhibited substantially
larger emission intensities. While the origin of these differences is not currently understood it
seems likely that they are related to the symmetry of the oligomers (with the more symmetric
trimer exhibiting stronger intensity, possibly due to the “double well” donor-acceptor-donor
motif). Future studies should provide a more complete understanding.

The effect of sequence on morphology-controlling inter-/intramolecular interactions is
complex. Although the more polar BPP macromonomer has a higher melting point and a greater
tendency to crystallize, it is the PBP oligomer that exhibits the significant red-shift in the solid
phase that is usually associated with the presence of n-stacking interactions. Likewise, it was the
PBP based polymer that exhibited lower solubilities, consistent with facile aggregation. The fact
that the PBP polymer did not achieve, using drop casting, the same red-shifted organization in the
film state as that observed for the macromonomer may be due either to unoptimized film deposition
or to an intrinsic inability of the polymer to attain the same level of organization. In any case,
sequence plays a key role in determining the molecular packing that can be accessed and/or

predominates.

45  CONCLUSIONS

In summary, we synthesized and investigated the influence of sequence on the properties

of a set of oligomers and on polymers containing these oligomeric units. We found significant
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differences in the optical and electrochemical properties of two trimeric macromonomers and
discovered, moreover, that these differences were maintained in the polymers made from these
macromonomers. The sequence effects on optical properties are among the largest reported.
Differences in inter-/intrachain interactions, based on sequence, were also found in both the
macromonomer trimers and in the polymers. These findings suggest that sequence could be
exploited more generally in the preparation of materials for electronic applications. Future work

will involve the investigation of how sequence affects device performance.

4.6 EXPERIMENTAL

4.6.1 General methods

Materials. Synthesis of Br-PBP-Br and Br-PPB-Br are described in the chapter 3. All
reagents and solvents were purchased from Sigma Aldrich and used as received. Column
chromatography was carried out on standard grade silica gel (60 A pore size, 40-63 pm particle
size), which was used as received.

NMR Spectroscopy. *H (300, 400, and 500 MHz) and 3C (75, 100, and 125 MHz) NMR
spectra were recorded on Bruker spectrometers. Chemical shifts were referenced to residual *H or
13C signals in deuterated solvents (7.26 and 77.0 ppm, respectively, for CDCl3).

Mass Spectrometry. High resolution mass spectra were recorded on El-quadrupole or

ESI-TOF instruments in the Mass Spectrometry Facility of the University of Pittsburgh.
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Optical Spectroscopy. Solution (CHCI3) UV/VIS absorption spectra were recorded on a
Perkin Elmer Lambda 9 UV/VIS/NIR spectrometer. Emission spectra were recorded on a Varian
Cary Eclipse Fluorimeter.

Electrochemistry. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
were performed on a CHI Electrochemical Workstation Model 430a (Austin, TX) using a three
electrode system consisting of a glassy carbon disk (3 mm dia.) as working electrode, a non-
aqueous Ag/Ag" reference electrode (1 mM AgNO:s in acetonitrile), and a Pt-wire as auxiliary
electrode in 0.1 M BusNPFg in dry THF or CH2Cl,. CV spectra were recorded at 100 mV/s. DPV
parameters were as follows: scan rate of 25 mV/s, pulse amplitude 0.05 V and pulse period 0.16 s.

Thermal Analysis. Differential scanning calorimetry (DSC) was performed on a Perkin
Elmer Pyris 6 with a heating and cooling rate of 10 °C/min.

Size Exclusion Chromatography. Molecular weights and dispersities were obtained on a
Waters gel permeation chromatography (THF) with Jordi 500, 1000, and 10000 A divinyl benzene
columns, and refractive index detector (Waters). The elution volumes were calibrated to
polystyrene standards

Atomic force microscope. Surface topography was characterized with an Asylum
Research MFP-3D atomic force microscope using tapping mode. No modifications were made to
the existing instrument hood; all samples were recorded in ambient conditions. Electrilever
AC240TM silicon tips with an aluminum coating (k=2 N/m and f= 70 KHz) purchased from
Asylum Research were utilized. Sample data was analyzed using the Asylum Research software

(version 100729B) built into IgorPro (version 6.22 A).
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4.6.2 Synthesis

4,7-Bis((E)-2,5-bis(hexyloxy)-4-(oct-7-en-1-yl)styryl)benzo[c][1,2,5]thiadiazole (PBP)

The synthesis of PBP macromonomer prepared by a modification of a previously reported
procedure for a similar substrate.®® The borane reagent, 1-(hept-6-en-1-yl)-7-
boratricyclo[4.1.1.03,7]octane (Cs-9-BBN), was synthesized according to literaturel®! and stored
in the glove box. In a Schlenk flask, Br-PBP-Br (0.212 g, 0.23 mmol), Pd(PPhs).Cl, (0.0248 g,
15% mol) and K>COs (0.147 g, 1.06 mmol) were combined and transferred into the a Na-filled
glove box. Dry DMF (1.35 mL) and toluene (1.35 mL) were added and upon dissolution, Cg-9-
BBN (0.232 g, 0.943 mmol) was added. The Schlenk flask was sealed removed from the glove
box. The reaction mixture was heated to 60 °C overnight under N.. After cooling to RT, the
reaction was quenched by rapid addition to water. The organic phase was separated and aqueous
phase was extracted with CH2Cl> 2x. The combined organic layers were washed with brine and
dried over MgSQa. Solvents were removed in vacuo. Column chromatography (silica gel, hexanes
and methylene chloride) gave the product as an orange solid (0.16 g, 76%). *H NMR (400 MHz,
Chloroform-d) & 8.29 (d, J = 16.5 Hz, 2H), 7.71 (d, J = 15.6 Hz, 4H), 7.20 (s, 2H), 6.77 (s, 2H),
5.85 (ddt, J = 16.9, 10.2, 6.6 Hz, 2H), 5.18 — 4.80 (m, 4H), 4.04 (t, J = 6.4 Hz, 8H), 2.65 (dd, J =
8.9, 6.5 Hz, 4H), 2.08 (g, J = 6.8 Hz, 4H), 2.01 — 1.74 (m, 8H), 1.74 — 1.15 (m, 40H), 0.95 (m,

12H). 3C NMR (126 MHz, CDCls) § 154.11, 151.36, 151.11, 139.19, 133.30, 129.76, 127.93,
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126.03, 124.71, 123.40, 115.36, 114.11, 109.41, 69.78, 68.77, 33.82, 31.74, 31.63, 30.62, 30.05,
29.62, 29.57, 29.46, 29.03, 28.92, 25.99, 25.94, 22.71, 22.67, 14.08, 14.05. HRMS calcd for

Ce2H92N204S: 961.6856 g/mol. Found: 961.6872 g/mol.

4-((E)-4-((E)-2,5-Bis(hexyloxy)-4-(oct-7-en-1-yl)styryl)-2,5-bis(hexyloxy)styryl)-7-
(oct-7-en-1-yl)benzo[c][1,2,5]thiadiazole (BPP)

The synthesis of the BPP macromonomer was similar to that of PBP. The borane reagent,
1-(hept-6-en-1-yl)-7-boratricyclo[4.1.1.03,7]octane (Cs-9-BBN), was synthesized according to
literaturel® and stored in the glove box. In a Schlenk flask, Br-PBP-Br (0.212 g, 0.230 mmol),
Pd(PPhs)2Cl> (0.0248 g, 15% mol) and K>COs (0.147 g, 1.06 mmol) were combined and
transferred into the a No-filled glove box. Dry DMF (1.35 mL) and toluene (1.35 mL) were added
and upon dissolution, Cs-9-BBN (0.232 g, 0.943 mmol) was added. The Schlenk flask was sealed
removed from the glove box. The reaction mixture was heated to 60 °C overnight under N2. After
cooling to RT, the reaction was quenched by rapid addition to water. The organic phase was
separated and aqueous phase was extracted with CH2Cl> 2x. The combined organic layers were
washed with brine and dried over MgSOs4. Solvents were removed in vacuo. Column
chromatography (silica gel, hexanes and methylene chloride) gave the product as an orange solid
(0.227 g, 75%). A small amount (< 5%) of isomerization of the terminal double bonds to an
internal position was noted by NMR. *H NMR (400 MHz, Chloroform-d) § 8.25 (d, J = 16.5 Hz,

1H), 7.79 — 7.57 (m, 2H), 7.53 — 7.38 (m, 2H), 7.36 (d, J = 7.2 Hz, 1H), 7.26 (s, 1H), 7.24 (s, 1H),
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7.18 (s, 1H), 7.09 (s, 1H), 6.71 (s, 1H), 5.82 (m, 2H), 4.97 (dd, J = 24.9, 13.7 Hz, 4H), 4.20 — 3.82
(m, 8H), 3.13 (t, J = 7.7 Hz, 2H), 2.60 (t, J = 7.7 Hz, 2H), 2.15 — 1.05 (m, 52H), 0.99 — 0.75 (m,
12H). 3C NMR (101 MHz, CDCl3) & 155.54, 153.69, 151.53, 151.28, 150.96, 150.55, 139.19,
139.10, 134.61, 134.60, 132.43, 132.41, 131.61, 131.44, 129.12, 128.41, 127.63, 127.33, 126.54,
126.13, 125.19, 124.72, 124.56, 124.11, 123.95, 122.33, 115.38, 114.18, 114.10, 110.83, 110.42,
109.22, 69.74, 69.66, 69.50, 68.59, 33.82, 33.76, 32.57, 32.50, 32.29, 31.74, 31.69, 31.67, 31.61,
30.53, 30.08, 29.67, 29.58, 29.55, 29.50, 29.45, 29.40, 29.05, 29.03, 28.95, 28.91, 28.85, 26.01,
25.96, 25.93, 22.71, 22.67, 22.65, 17.92, 14.09, 14.07, 14.04. HRMS calcd for CsHeoN204S:

961.6856 g/mol. Found: 961.6899 g/mol.

PolyPBP. PBP macromonomer (0.0670 g, 0.0697 mmol) and Grubbs Il catalyst (3.5 mg)
were combined and transferred into a No-filled glove box in a 20 mL vial. Diphenyl ether (90 mg)
and toluene (0.25 mL) were added. The vial was sealed and removed from the glove box. After
sonicating for 1 min, the reaction mixture was stirred under high vacuum for about 20 min, then
heated to 70 °C for 21 hr. CH2Cl> was added to dissolve the product, followed by ethyl vinyl ether
to quench the reaction. The reaction mixture added to MeOH and the precipitate collected (60 mg).
'H NMR (300 MHz, Chloroform-d) & 8.26 (d, J = 16.4 Hz, 2H), 7.68 (d, J = 16.0 Hz, 4H), 7.18 (s,
2H), 6.74 (s, 2H), 5.40 (m, 2H), 4.15 — 3.79 (m, 8H), 2.62 (m, 4H), 2.12 — 1.03 (m, 48H), 0.93 (m,
12H). 3C NMR (101 MHz, CDCls) & 154.09, 151.32, 151.08, 133.34, 130.34, 129.73, 127.89,

126.04, 124.64, 123.36, 115.30, 109.33, 69.74, 68.74, 32.68, 31.75, 31.63, 30.66, 30.12, 29.70,
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29.62, 29.56, 29.13, 26.00, 25.94, 22.72, 22.68, 14.11, 14.08. SEC (THF vs. PS standards) Mn: 19

KDa, Mw: 30 KDa, PDI: 1.6.

PolyBPP. BPP macromonomer (0.0800 g, 0.0832 mmol) and Grubbs Il catalyst (3.5 mg)
and transferred into a No-filled glove box in a 20 mL vial. Diphenyl ether (100 mg) and toluene
(0.250 mL) were added. The vial was sealed and removed from the glove box. After sonicating for
1 min, the reaction mixture was stirred under high vacuum for about 20 min, then heated to 70 °C
for 21 hr. CH.ClI> was added to dissolve the product, followed by ethyl vinyl ether to quench the
reaction. The reaction mixture added to MeOH and the precipitate collected (72 mg). *H NMR
(400 MHz, Chloroform-d) & 8.26 (m, 2H), 7.68- 6.71 (m, 9H), 5.40 (m, 2H), 4.08 — 3.98 (m, 8H),
3.12 (m, 2H), 2.60 (m, 2H) 1.99-1.27 (m, 48H), 0.91 (m, 12H). 3C NMR (126 MHz, CDCl3) &
155.56, 153.71, 151.57, 151.32, 151.00, 150.60, 134.66, 130.34, 129.14, 128.45, 127.61, 127.37,
126.59, 126.15, 125.23, 124.15, 123.99, 122.36, 115.42, 110.91, 110.48, 109.28, 69.78, 69.70,
69.54, 68.64, 32.61, 32.32, 31.75, 31.69, 31.68, 31.62, 30.57, 30.15, 29.71, 29.59, 29.56, 29.16,
26.01, 25.97, 25.94, 25.86, 22.71, 22.67, 14.08, 14.07, 14.04. SEC (THF vs. PS standards) Mn: 24

KDa, My 39 KDa, PDI 1.7.
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5.0 CONCLUSIONS

In summary, monomer sequence effects have been investigated in two different donor-
acceptor systems: phenylene vinylene and benzothiadiazole vinylene/phenylene vinylene.
Optimized step-growth synthesis strategies using the Horner-Wadsworth-Emmons reaction for
chain-growth were developed to precisely control the monomer sequence in oligomers. Selected
sequenced oligomers were also incorporated into sequenced polymers using acyclic diene
metathesis polymerization. In these polymers, the film making properties were enhanced without
any loss of the electronic properties.

In all of the systems studied, key optical and electronic properties including light
absorption, light emission, HOMO/LUMO energy levels, bandgaps, solubility, melting point,
packing, hole mobility, and solar cell performance, were found to be strongly sequence dependent.
Other important characteristics, like domain size in BHJ blends and thermal stability, although not
directly studied, most probably are affected by sequence as well. These results demonstrate that
monomer sequence is a powerful and versatile tool to tune conjugated molecule properties.

Our understanding of the sequence-property correlations and ability to predict the
optoelectronic properties of sequenced oligomers prior to synthesis was enhanced by parallel
calculations conducted by Hutchison and coworkers. For both systems, computationally predicted
electronic properties were in good agreement with experimental results. For real-world
applications, however, it is necessary to control more than just the fundamental optoelectronic
properties. Future work must also focus on developing both an experimental and computational
understanding of how sequence affects device-relevant solid state properties like intermolecular
interactions, molecular packing, film morphology, and interfacial organization.
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Although the systems studied in this dissertation displayed only modest device
performances, they provide a strong proof-of-concept that sequence could be a powerful tool in
materials engineering, especially when combined with other conventional strategies like creating
novel monomers, sidechain engineering and the introduction of heteroatoms. For example, the
vinylene linker in the studied oligomers could be changed to a rigid, conjugated unit like thiophene
(Figure X). The coplanarity, packing, charge transport and device performance of the new
sequenced molecules would be expected to improve the overall performance while still allowing

for sequence-based property tuning.

S S
OCgHy3 N OCgH,3 N

OOOO

CgH430 CeH130

Vinylene linker Thiophene linker

O Q /\

Sequenced polymer for flexible electronics

Figure 40. Proposed molecules for future work.
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APPENDIX A

CHAPTER 2 SEQUENCE EFFECTS ON ELECTRONIC AND OPTICAL PROPERTIES

OF CONJUGATED OLIGMERS COMPRISING PHENYLENE VINYLENES
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A.2 CYCLIC AND DIFFERENTIAL PULSE VOLTAMMOGRAMS OF

OLIGOMERS

Table 15. Peak oxidation and reduction potentials of oligomers

Oligomer EXS IV EReS 4V

Br-AA’-CN 1.45 -1.93, -2.07

Br-BA’-CN 1.06, 1.15 -1.96, -2.07

Br-AB’-CN 1.23,1.34 -1.94,-2.07

Br-BB’-CN 1.06,1.36 217

Br-AAB’-CN 1.06, 1.30 -1.94,-2.18

Br-BAA’-CN 0.95,1.15, 1.44 -1.93,-2.18

Br-BAB’-CN 0.97,1.18,1.32 -1.97,-2.23

Br-ABA’-CN 0.84,1.23 -1.92,-2.16

Br-ABB’-CN 0.81,1.02,1.24 -1.93,-2.16

Br-BBA’-CN 0.78,1.04,1.24,1.41 -1.94,-2.17

Br-BAAB’-CN 0.87,1.02,1.19, 1.39 -1.94,-2.04,-2.27,-2.49,-2.7, -2.83
Br-ABAB’-CN 0.69,1.13,1.24 —2.02,-2.31, -2.58, -2.76, -2.87
Br-BABA’-CN 0.69,0.98, 1.18 -1.98, -2.11, -2.33, -2.53, -2.66, -2.84
Br-BBAA’-CN 0.65, 0.83, 0.97, 1.04, 1.19, 1.36 -1.99, -2.11, -2.29, -2.53, -2.80
Br-AABB’-CN 0.70,1.01,1.14, 1.34 -1.99, -2.31, -2.63, -2.81
Br-ABBA’-CN 0.67, 0.87,0.97, 1.04, 1.23 -1.95,-2.14, -2.24, -2.45,-2.59, -2.75

Br-AABBB’-CN 0.63,0.74,0.85,0.98,1.18,1.39  -1.97,-2.17,-2.27,-2.44, -2.64
Br-BABAB’-CN 0.7,0.88,0.96, 1.08, 1.2, 1.29 -1.96, -2.17,-2.26, -2.42, -2.7, -2.8

Br-BBAAA’-CN 0.69, 0.89, 1.16, 1.22, 1.43 -1.96, -2.11, -2.25, -2.4, -2.67, -2.74, -3.04
Br-AABBBA’-CN 0.54,0.81,1.06, 1.27,1.47 -1.92,-2.12, -2.26, -2.4, -2.65, -2.76, -3.06
Br-BABABA’-CN 0.64,1.18, 1.26, 1.44 -1.94, -2.14, -2.26, -2.4, -2.67, -2.79, -3.08
Br-BBAAAB’-CN 0.67, 0.86,0.97, 1.05,1.3 -1.99, -2.13,-2.42, -2.49, -2.7, -2.87

aPotential vs. Ag/Ag*, 240uM in 0.1 M BusNPFs in THF
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Figure 41. Top: Cyclic voltammograms of Br-AA’-CN in THF. Bottom: Differential pulse voltammograms of Br-
AA’-CN in THF. Left: reduction. Right: oxidation.
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Figure 42. Top: Cyclic voltammograms of Br-AB’-CN in THF. Bottom: Differential pulse voltammograms of Br-
AB’-CN in THF. Left: reduction. Right: oxidation.
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Figure 43. Top: Cyclic voltammograms of Br-BA’-CN in THF. Bottom: Differential pulse voltammograms of Br-
BA’-CN in THF. Left: reduction. Right: oxidation.
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Figure 44. Top: Cyclic voltammograms of Br-BB’-CN in THF. Bottom: Differential pulse voltammograms of Br-
BB’-CN in THF. Left: reduction. Right: oxidation.
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Figure 45. Top: Cyclic voltammograms of Br-AAB’-CN in THF. Bottom: Differential pulse voltammograms of Br-
AAB’-CN in THF. Left: reduction. Right: oxidation.
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Figure 46. Top: Cyclic voltammograms of Br-ABA’-CN in THF. Bottom: Differential pulse voltammograms of Br-
ABA’-CN in THF. Left: reduction. Right: oxidation.
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Figure 47. Top: Cyclic voltammograms of Br-ABB’-CN in THF. Bottom: Differential pulse voltammograms of Br-
ABB’-CN in THF. Left: reduction. Right: oxidation.
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Figure 48. Top: Cyclic voltammograms of Br-BAA’-CN in THF. Bottom: Differential pulse voltammograms of Br-
BAA’-CN in THF. Left: reduction. Right: oxidation.
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Figure 49. Top: Cyclic voltammograms of Br-BAB’-CN in THF. Bottom: Differential pulse voltammograms of Br-
BAB’-CN in THF. Left: reduction. Right: oxidation.
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Figure 50. Top: Cyclic voltammograms of Br-BBA’-CN in THF. Bottom: Differential pulse voltammograms of Br-
BBA’-CN in THF. Left: reduction. Right: oxidation.

221



3.0x10°

—— TBAPF,
2.0x10°4  ——8ouM
— 160uM
—— 240uM
1.0x10° H
<>( 0.0
-1.0x10°
-2.0x10°
-3.0x10° 1 T T T T
-3 2 -1 0 1
E(V) vs. Ag/Ag*
0.0 1.0x10°
— —— TBAPF,
1.0x10° 1
8.0x10° - 80uM
— ——160uM
.0x10 ——240pM
— < |
-3,0%10°4 TBAPF, 6.0x10
< — <
= o] J— =
40x10 ——240uM 4.0x10°
-5.0x10° 4
2.0x10°
-6.0x10°
-7.0x10° +——T——T——T—"—T—T—T 1T T 0.0 4+——F———F————T——T—
32 30 -28 -26 24 22 20 -1.8 -1.6 14 -12 -1.0 -0.8 0.2 0.4 0.6 08 1.0 1.2 14
E(V) vs. Ag/Ag* E(V) vs. Ag/Ag*

Figure 51. Top: Cyclic voltammograms of Br-AABB’-CN in THF. Bottom: Differential pulse voltammograms of Br-
AABB’-CN in THF. Left: reduction. Right: oxidation.
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Figure 52. Top: Cyclic voltammograms of Br-ABAB’-CN in THF. Bottom: Differential pulse voltammograms of Br-
AABB’-CN in THF. Left: reduction. Right: oxidation.
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Figure 53. Top: Cyclic voltammograms of Br-BBAA’-CN in THF. Bottom: Differential pulse voltammograms of Br-
BBAA’-CN in THF. Left: reduction. Right: oxidation.
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Figure 54. Top: Cyclic voltammograms of Br-BABA’-CN in THF. Bottom: Differential pulse voltammograms of Br-
BABA’-CN in THF. Left: reduction. Right: oxidation.
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Figure 55. Top: Cyclic voltammograms of Br-ABBA’-CN in THF. Bottom: Differential pulse voltammograms of Br-
ABBA’-CN in THF. Left: reduction. Right: oxidation.
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Figure 56. Top: Cyclic voltammograms of Br-BAAB’-CN in THF. Bottom: Differential pulse voltammograms of Br-
BAAB’-CN in THF. Left: reduction. Right: oxidation.
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Figure 57. Top: Cyclic voltammograms of Br-AABBB’-CN in THF. Bottom: Differential pulse voltammograms of
Br-AABBB’-CN in THF. Left: reduction. Right: oxidation.
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Figure 58. Top: Cyclic voltammograms of Br-BABAB’-CN in THF. Bottom: Differential pulse voltammograms of
Br-BABAB’-CN in THF. Left: reduction. Right: oxidation.
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Figure 59. Top: Cyclic voltammograms of Br-BBAAA’-CN in THF. Bottom: Differential pulse voltammograms of
Br-BBAAA’-CN in THF. Left: reduction. Right: oxidation.
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Figure 60. Top: Cyclic voltammograms of Br-AABBBA’-CN in THF. Bottom: Differential pulse voltammograms of
Br-AABBBA’-CN in THF. Left: reduction. Right: oxidation.
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Figure 61. Top: Cyclic voltammograms of Br-BABABA’-CN in THF. Bottom: Differential pulse voltammograms of
Br-BABABA’-CN in THF. Left: reduction. Right: oxidation.
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Figure 62. Top: Cyclic voltammograms of Br-BBAAAB’-CN in THF. Bottom: Differential pulse voltammograms of
Br-BBAAAB’-CN in THF. Left: reduction. Right: oxidation.

233



A3 ABSORBANCE AND EMISSION SPECTRA OF OPVS
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Figure 63. Absorption (CHCI3) and emission (CHCI3 and film) spectra of Br--AABBB’-CN.
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Figure 64. Absorption (CHCIs) and emission (CHCI3 and film) spectra of Br-BABAB’-CN.
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Figure 65. Absorption (CHCIs) and emission (CHClI3 and film) spectra of Br-BBAAA’-CN.
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Figure 66. Absorption (CHCI3) and emission (CHCI; and film) spectra of Br-AABBBA’-CN.
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Figure 67. Absorption (CHCIs3) and emission (CHCIs and film) spectra of B--BABABA’-CN.
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Figure 68. Absorption (CHCI3) and emission (CHCI; and film) spectra of Br-BBAAAB’-CN.
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A4  DIFFERENTIAL SCANNING CALORIMOGRAMS OF OLIGOMERS

In figures 69 — 74, the heating curve is plotted in red and the cooling curve in blue.

Br-AABBB'-CN First Cycle

167.9

—

154.9

Heat flow (Endo Up)/ AU

v v T v T T 1
0 50 100 150 200
Temperature/ °C

Br-AABBB'-CN Second Cycle

168.9

159.5

Heat flow (Endo Up)/ AU

155.5

J T 4 T Y T Y T v T b T b T T o T .. 1
0 20 40 60 80 100 120 140 160 180 200

Temperature/ °C

Figure 69. DSC thermograms of Br-AABBB’-CN.
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Figure 70. DSC thermograms of Br-BABAB’-CN.
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Figure 71. DSC thermograms of Br-BBAAA’-CN.
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Figure 72. DSC thermograms of Br-AABBBA’-CN.
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Figure 73. DSC thermograms of Br-BABABA’-CN.
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Figure 74. DSC thermograms of Br-BBAAAB’-CN

243



A5 COMPUTATIONAL RESULTS

Table 16. Computed DFT HOMO and LUMO energies and ZINDO excitations for all hexamer sequences containing
three A and three B units

Compound HOMO LUMO Gap ZINDO (eV) Osc. Str.
Br-AAABBB’-CN  -4.892 -2.266 2.626 3.583 2.862
Br-AABABB’-CN  -4.836 -2.261 2.575 3.628 3.406
Br-AABBAB’-CN  -4.927 -2.290 2.637 3.600 3.070
Br-AABBBA’-CN  -4.818 -2.267 2.551 3.502 3.032
Br-ABAABB’-CN  -4.873 -2.272 2.601 3.707 3.479
Br-ABABAB’-CN  -4.834 -2.277 2.557 3.695 3.552
Br-ABABBA’-CN  -4.904 -2.287 2.616 3.562 3.291
Br-ABBAAB’-CN  -4.952 -2.312 2.641 3.652 2.715
Br-ABBABA’-CN  -4.937 -2.332 2.605 3.594 3.440
Br-ABBBAA’-CN  -4.868 -2.312 2.556 3.517 3.021
Br-BAAABB’-CN  -4.951 -2.291 2.659 3.727 2.811
Br-BAABAB’-CN  -4.876 -2.285 2.591 3.729 3.353
Br-BAABBA’-CN  -4.896 -2.288 2.608 3.603 2.875
Br-BABAAB’-CN  -4.938 -2.311 2.627 3.782 3.296
Br-BABABA’-CN  -4.903 -2.298 2.605 3.655 3.531
Br-BABBAA’-CN  -4.933 -2.330 2.604 3.593 3.111
Br-BBAAAB’-CN  -4.874 -2.309 2.565 3.778 3.063
Br-BBAABA’-CN  -4.865 -2.299 2.565 3.720 3.706
Br-BBABAA’-CN -4.964 -2.340 2.624 3.683 3.526
Br-BBBAAA’-CN  -4.956 -2.351 2.605 3.604 2.846

244



APPENDIX B

CHAPTER 3 SEQUENCE EFFECTS IN DONOR-ACCEPTOR OLIGOMERIC
SEMICONDUCTORS COMPRISING BENZOTHIADIAZOLE AND PHENYLENE

VINYLENE MONOMERS
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NMR SPECTRA
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B.2 CYCLIC AND DIFFERENTIAL PULSE VOLTAMMOGRAMS OF

OLIGOMERS
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Figure 75. Top: cyclic voltammograms of Br-PB-Br in THF. Differential pulse voltammograms of Br-PB-Br in
THF; Middle: oxidation; Bottom: reduction.
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Figure 76. Top: cyclic voltammograms of Br-PBP-Br in THF. Differential pulse voltammograms of Br-PBP-Br in
THF; Middle: oxidation; Bottom: reduction.
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Figure 77. Top: cyclic voltammograms of Br-BPP-Br in THF. Differential pulse voltammograms of Br-PPB-Br in
THF; Middle: oxidation; Bottom: reduction.
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Figure 78. Top: cyclic voltammograms of Br-BPPB-Br in THF. Differential pulse voltammograms of Br-BPPB-Br
in THF; Middle: oxidation; Bottom: reduction.
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Figure 79. Top: cyclic voltammograms of Br-PBBP-Br in THF. Differential pulse voltammograms of Br-BPPB-Br
in THF; Middle: oxidation; Bottom: reduction.
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Figure 80. Top: cyclic voltammograms of Br-PBPB-Br in THF. Differential pulse voltammograms of Br-PBPB-Br
in THF; Middle: oxidation; Bottom: reduction.
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Figure 81. Top: cyclic voltammograms of Br-PPBB-Br in THF. Differential pulse voltammograms of Br-PPBB-Br
in THF; Middle: oxidation; Bottom: reduction.

277



B.3 ABSORPTION SPECTRA OF SEQUENCED OLIGOMERS
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Figure 82. Absorption spectra of selected trimers and tetramers in CHCI3 (1.0 x 105 M).
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Figure 83. Absorption spectra of dimers in CHCI3 (1.0 x 105 M).
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B.4 EMISSION SPECTRA OF SEQUENCED OLIGOMERS
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Figure 84. Emission spectra of selected dimers in CHCI;3 (1.0 x 10 M).
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Figure 85. Emission spectra of selected trimers in CHCI3 (1.0 x 10 M).
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Figure 86. Emission spectra of selected tetramers in CHCl3 (1.0 x 105 M).
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APPENDIX C

CHAPTER 4 SEQUENCE EFFECTS IN CONJUGATED DONOR-ACCEPTOR

POLYMERS
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C.2 CYCLIC AND DIFFERENTIAL PULSE VOLTAMMOGRAMS
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Figure 87. Top: cyclic voltammograms of PBP macromonomer in THF. Differential pulse voltammograms of PBP
in THF; Middle: oxidation; Bottom: reduction.
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Figure 88. Top: cyclic voltammograms of BPP macromonomer in THF. Differential pulse voltammograms of BPP
in THF; Middle: oxidation; Bottom: reduction.
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Figure 89. Top: cyclic voltammograms of PolyBPP in THF. Differential pulse voltammograms of PolyPBP in THF;
Middle: oxidation; Bottom: reduction.
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Figure 90. Top: cyclic voltammograms of PolyPBP in THF. Differential pulse voltammograms of PolyPBP in THF;
Middle: oxidation; Bottom: reduction.
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Figure 91. Top: cyclic voltammograms of PBP in methylene chloride. Differential pulse voltammograms of PBP in
methylene chloride; Middle: oxidation; Bottom: reduction.
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Figure 92. Top: cyclic voltammograms of PolyPBP in methylene chloride. Differential pulse voltammograms of
PolyPBP in methylene chloride; Middle: oxidation; Bottom: reduction.
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C.3 DIFFERENTIAL SCANNING CALORIMETRY OF MACROMONOMERS
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Figure 93. DSC thermograms of PBP macromonomer
<DE First cycle BPP
- \
o) — Second cycle
D
o
S D,
S
=
i)
o
[}
T
50 100 150 200

Temperature / °C

Figure 94. DSC thermograms of BPP macromonomer
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