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ABSTRACT: Accessing conjugated polymers suitable for applications ranging from organic photovoltaics to bioelectronics through
simple synthetic protocols is desirable for the conjugated polymer community, as many polymer systems that meet device
performance metrics require arduous synthetic protocols. To simplify and minimize monomer and polymer synthetic steps, a
dibrominated dihydropyrrolopyrrole was synthesized in air using a single synthetic step and did not require column chromatography
for purification. Subsequently, the first example of an electron-rich pyrrolopyrrole monomer being polymerized is accomplished via
direct arylation polymerization using a dioxythiophene comonomer to access an alternating copolymer in a total of three synthetic
steps. The resulting copolymer exhibits absorbance in the high-energy portion of the visible spectrum in solution and the solid state,
a relatively low onset of oxidation (~0.6 V vs Ag/AgCl), and yellow-to-black electrochromism. Finally, the synthetic complexity is
calculated, and the pyrrolopyrrole-co-dioxythiophene polymer is less synthetically complex when compared to many conjugated
polymers that find applicability in organic photovoltaics and electrochromism. These findings demonstrate the viability of
incorporating dihydropyrrolopyrroles into the repeat unit structure of conjugated polymers via metal-catalyzed cross-coupling
reactions and highlight their potential to offer a synthetically simple alternative to current state-of-the-art conjugated polymers.

B INTRODUCTION McCulloch and co-workers suggest that there are too many
inconsistencies in reported synthetic methods, as well as
discrepancies in hazard definitions. Thus, they developed the
scalability factor (SF), where the NSS and RY of the synthetic
route are the main factors influencing these benchmark
calculations.” Regardless of the approach used to assess the
synthetic complexity of conjugated materials, the emphasis on
reducing the number of synthetic steps while using starting
materials “that could be found in the market in quantities
sufficient to produce hundreds of kilograms of polymers™
provides motivation to explore new structural design motifs
with simple chemistries.

One example of these efforts is reflected by the polymer
known as PTQ10, which can be accessed in three (3) synthetic
steps while achieving a power conversion efficiency (PCE) of
~16% when incorporated into bulk heterojunction blends with
a non-fullerene acceptor.””"' While this is a significant

Conjugated polymers are critical materials in various types of
organic electronic devices, such as organic photovoltaics
(OPVs),! organic light-emitting diodes (OLEDs),” or electro-
chromics,” but one substantial limitation to their widespread
utilization in these applications is the arduous and complex
nature of their synthesis. Typically, the synthesis of high-
performance conjugated polymers requires numerous synthetic
steps, including air and moisture-free environments or
cryogenic conditions, harsh/toxic reagents, and rigorous
purifications during the preparation of their monomeric
building blocks.*~® Researchers are aware of this drawback,
and thus, attention has been shifted toward conjugated
polymers made using simple chemistries.

As researchers have shifted their focus to simplifying the
synthesis of conjugated polymers, efforts to quantify “how
simple?” have emerged. First, Po and co-workers defined the
synthetic complexity of a polymer as being dependent on five
parameters, including the number of synthetic steps (NSS), the
reciprocal yield of monomers (RY), the number of operations
required for purification of monomers (NUO), the number of
column chromatography purifications (NCC), and the number
of hazardous materials used (NHC).” While this approach has
become a useful method for estimating synthetic complexity,
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Scheme 1. Representative Structures of Traditionally Studied Conjugated Polymers and the Attributes of Utilizing DHPP
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achievement for minimizing synthetic steps and maintaining
device performance metrics, there are multiple drawbacks.
Specifically, the synthesis of PTQ10 monomers involves the
use of potassium tert-butoxide, which is a flammable solid that
is classified as self-heating in large quantities, starting material
and precursors are expensive, and polymers are synthesized via
Stille cross-coupling polymerizations, which generate stoichio-
metric amounts of trialkyltin waste. Additionally, You and co-
workers performed a cost analysis of PTQI10 and suggested
that current synthetic approaches are cost-prohibitive. These
drawbacks limited the scalability and commercial manufactur-
ing of this polymer and motivated the pursuit of alternative
synthetic approaches that ultimately reduced the price per
gram to ~1/7th the original cost.'* Additional approaches for
accessing structurally simpler conjugated copolymers involve
using commercially available monomers such as bithiophene or
ester- and alkyl-functionalized monomers that require fewer
synthetic steps.”>~'® Recently, Marks and co-workers also
reported a simpler synthesis of naphthalene diimide and
isoindigo copolymers that were utilized in all-polymer solar cell
devices."” Although these monomers require fewer synthetic
steps, air-free and sometimes cryogenic conditions are still
required. These limitations reinforce the need to explore new
monomer designs that rely on simplified and scalable
chemistries that yield useful conjugated polymers.

When considering synthetic approaches that simplify
syntheses, it is advantageous to eliminate or reduce procedures
that require air-free reactions, produce toxic byproducts,
require chromatography for purification, and use high
temperature/pressure or cryogenic reaction conditions. With
this in mind, pyrrolo[3,2-b]pyrrole (DHPP) is a building block
that meets these criteria while also representing a highly
tailorable chromophore with properties amendable to techno-
logically relevant applications. DHPPs (Scheme 1) represent a
class of electron-rich, 10 z-electron chromophores that are
easily synthesized in a single step and are highly tailorable
through simple structural modification. Until recently, efficient
protocols to synthesize DHPPs had remained elusive when
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Gryko and co-workers serendipitously discovered™® that
DHPPs were quickly formed by reactions between aldehydes,
anilines, and butanedione in the presence of acetic acid.
Moreover, and as implied in Scheme 1, Gryko’s synthesis of
DHPPs can be performed in air and does not require column
chromatography for purification.”’ This discovery has spurred
research focused on optimizing reaction conditions and
expanding functional group tolerance, which has allowed
families of chromophores with diverse functionality to be
readily synthesized.” >* The variety of functional groups is
important, as it has allowed chromophores with tunable optical
properties,”>*° aggre%ation—induced emission,””** and two-
photon fluorescence,” to be made.

Beyond fundamental manipulation of optical properties, the
facile tunability and versatility motivate studying molecular
DHPPs for various optoelectronic applications. As it relates to
photovoltaic studies, Dominguez and co-workers developed a
small-molecule acceptor—donor—acceptor system by function-
alizing the 2- and S-position aryl rings of DHPP with
dicyanovinylenes. This chromophore was used as the light-
harvesting material in OPV devices and achieved a maximum
PCE of 1.06%.” Other efforts have involved extending the
conjugated pathway between the DHPP core and acceptor
region through the addition of thienyl or carbazole moieties,
which resulted in a PCE of up to 6.56% when using these dyes
in a dye-sensitized solar cell (DSSC).”' Zhang et al
synthesized an acceptor—donor—acceptor DHPP using
benzothiadiazole at the 2,5-aryl position to yield a
chromophore exhibiting red emission with a solution
fluorescence quantum yield (@) of 57% and a maximum
external quantum efficiency (EQE) of 3.4% in an OLED
device.*” Finally, DHPPs have been used in resistive memory
devices® and organic photodetectors.”* While these examples
highlight the potential applicability of molecular DHPP
materials, there is not an example of DHPPs being directly
incorporated into a polymeric main chain; thus, fundamental
structure—property relationships of polymer-containing
DHPPs are unknown.
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Scheme 2. Synthesis of Br,DHPP Via the Fe-Catalyzed Multicomponent Reaction Using n-Decylaniline to Construct
Monomers That Will Impart Adequate Solubility of Resulting Polymers and a Photograph of ~15 g of the Br, DHPP Monomer
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Motivated by the vast tailorability of DHPP chromophores,
combined with their simple synthesis and purification, we
hypothesized that DHPP would be a useful monomeric
building block for synthesizing conjugated polymers. This
approach involves synthesizing a dibrominated DHPP, which
enables the synthetically simple DHPP comonomer to
participate in Pd-catalyzed polymerizations. Herein, we
describe the first example of a DHPP-containing copolymer
synthesized via direct heteroarylation polymerization (DHAP)
with 3,4-propylenedioxythiophene (ProDOT) as the como-
nomer. Initial understanding of structure—property relation-
ships of this novel material is investigated by comprehending
how monomer structures influence synthetic accessibility and
optical, thermal, and electrochemical properties. Additionally,
we quantify the synthetic complexity that reveals the first
DHPP copolymer to be among the simplest conjugated
polymers to be synthesized. As alluded to in Scheme 1, the
incorporation of DHPP into polymeric materials offers a
readily accessible and tunable scaffold for conjugated polymers
without compromising properties commonly associated with
solid-state or electrochemical applications. This study demon-
strates the ability to incorporate a synthetically simple
monomer into the main chain of a polymer repeat unit while
simultaneously providing a novel building block that may find
utility in next-generation organic materials.

B EXPERIMENTAL SECTION

Comprehensive details of the experimental approaches are assembled
and reported in the Supporting Information. Structure and
connectivity of synthesized molecules and polymers were confirmed
via 'H and *C NMR. Spectra were collected using a Bruker Ascend
400 MHz NMR spectrometer. Full characterization, including NMR,
elemental analysis, and size-exclusion chromatography (SEC) data,
can be found in the Supporting Information. Absorbance properties of
molecules and polymers were studied using either a Cary 4000 dual-
beam UV—vis spectrophotometer or a Cary 5000 dual-beam UV-—
vis—NIR spectrophotometer. To prepare spray-coated films, polymers
were dissolved in toluene with a concentration of 2 mg/mL before
deposition onto ITO-coated glass slides with an Iwata airbrush.
Electrochemical and spectroelectrochemical measurements performed
on the films used an electrolyte solution of 0.5 M tetrabutylammo-
nium hexafluorophosphate (TBAPF) in propylene carbonate (PC),
ITO/glass (7 X 50 X 0.7 mm?®, sheet resistance, R; 8—12 Q/sq) as the
working electrode, an Ag/AgCl reference electrode (calibrated vs the
Fe/Fe* redox couple, E;;, = 40 mV), and a Pt flag as the counter
electrode.
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B RESULTS AND DISCUSSION

Conjugated polymers are notoriously insoluble, so our initial
efforts involved the synthesis of DHPP monomers that will aid
in attaining soluble copolymers. These efforts began with
attempting to replicate the DHPP synthesis using 4-amino-
phenol and 4-bromobenzaldehyde, followed by alkylation
protocol inspired from the literature procedure reported by
Li and co-workers, as shown in Scheme S1.*' The resulting
product, (OH),DHPP, was obtained with a favorable yield of
55%; however, the subsequent alkylation attempts via
Williamson etherification resulted in yields between 5 and
8%. In an effort to improve yields and overall atom economy,
4-aminophenol was replaced with 4-n-decylaniline to access a
monomer amendable to Pd-catalyzed polymerizations in one
step, in air, and that requires simple purifications (i.e., vacuum
filtration). 4-Decylaniline was chosen as it was hypothesized to
impart solubility that enables thorough characterization and,
eventually, solution processibility of the resulting polymers.
Furthermore, as shown in Scheme 2, this change significantly
improved the overall yield of the desired monomer from 8 to
49%. The structure and purity of the resulting monomer were
verified via 'H and “C NMR (Figures S2 and S3) and
elemental analysis, respectively. After a successful synthesis, the
reaction was scaled to 80 mmol to save time on future
synthetic efforts as well as to simulate potential industrial
scalability. Notably, the product from the 80 mmol reaction
does not sacrifice the yield nor purity of the resulting monomer
compared to the same monomer isolated from smaller scale
reactions and yielded ~15 g in a single synthetic step.
Conjugated polymers are traditionally synthesized via Pd-
catalyzed cross-coupling reactions, such as Miyaura—Suzuki
and Migita—Stille polycondensations,”>*° but these synthetic
strategies suffer restrictive synthetic barriers in their respective
procedures, such as monomer stability and potentially costly/
toxic functionalization steps. Stemming from the motivation to
simplify polymer synthesis by minimizing preparatory steps, we
also are motivated to minimize the use/generation of toxic
reagents. To accomplish these goals, we sought to use direct
heteroarylation polymerization (DHAP) to access the
envisioned synthetically simple conjugated polymers. DHAP
is a green alternative polymerization strategy because it
minimizes monomer preparation steps while simultaneously
minimizing/eliminating toxic reagents by forgoing the need for
organometallic functionalities that participate in the trans-
metalation process of Pd-catalyzed cross-couplings.”’~** Addi-
tionally, DHAP is becoming a robust polymerization strategy

https://doi.org/10.1021/acs.chemmater.2c01884
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Figure 1. (a) Model reaction to investigate possible 3,6-cross-coupling defects on the DHPP monomer in high dielectric polymerization conditions
and (b) '"H NMR spectra of Br,DHPP before (black) and after (red) subjecting the monomer to the reaction conditions. The singlet highlighted
with the red box ~6.37 ppm is unchanged, confirming no C—H cross-coupling reactions occurred on the DHPP scaffold.

that enables accessing low-defect conjugated polymers without
sacrificing device performance metrics.

Initial polymerization attempts to incorporate DHPP as a
comonomer into conjugated polymers were attempted with
thienopyrroledione (TPD) due to it being an extensively
studied comonomer and its propensity to efficiently participate
in DHAP.* These attempts were unsuccessful at obtaining
copolymers with suitable solubility in organic solvents, evident
by excessive material remaining in the Soxhlet thimble
following extraction protocols in addition to bimodal
molecular weight distributions measured via size-exclusion
chromatography (SEC) (see Figure SSa). The insolubility
ultimately prevented a thorough and accurate characterization
of polymeric properties and understanding of structure—
property relationships (Figure SSb). These limitations
motivated pursuing alternative comonomers to overcome
solubility barriers encountered in these initial studies. When
considering comonomers for direct arylation polymerizations
with DHPP, 3,4-propylenedioxythiophene (ProDOT) appears
to be a suitable choice while offering facile tunability and
synthetically simple monomers. This motivation stems from its
one-step synthesis and ease of functionalization for reactivity
with numerous polymerization methods such as Grignard
metathesis, oxidative polymerization, and Pd-catalyzed cross-
couplings.* Furthermore, various solubilizing motifs can be
installed onto ProDOT in one or two steps via trans-
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etherification reactions that utilize commercially available
starting materials, such as 2,2-di-n-octyl-1,3-propanediol.**
Due to this tailorability, ProDOT polymers have been used
as electroactive materials in various organic electronics such as
electrochromics and OPVs.**™*” Combined, these character-
istics of ProDOT motivated its choice for polymerization with
DHPP and enabled understanding structure—property rela-
tionships of DHPP-based copolymers.

With the desire to polymerize DHPP with ProDOT, we
started with an established DHAP procedure for producing
poly(ProDOT)s that uses the high dielectric solvent N,N-
dimethylacetamide (DMAc), palladium(II) acetate (Pd-
(OAc),) as the catalyst, potassium carbonate (K,CO,) as the
base, and pivalic acid (PivOH) as the proton shuttle while
heating the reaction mixture at 140 °C.*" It is noteworthy to
mention that the 3,6-position hydrogens of DHPP, illustrated
as the red protons in Figure 1a, have been shown to participate
in direct arylation reactions to access multi-aryl DHPP
chromophores,””**** which motivated screening the DHPP
monomer in high dielectric DHAP conditions and monitoring
for any observable coupling at the 3,6-positions of the
pyrrolopyrrole scaffold. Such coupling at the 3,6-position
would result in cross-linked polymer or polymers with an
appreciable number of f-defects, which may produce insoluble
materials or lead to diminished material properties.””** After
subjecting the pyrrolopyrrole monomer to the reaction

https://doi.org/10.1021/acs.chemmater.2c01884
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Scheme 3. Direct Arylation Polymerization for the Synthesis of DHPP-co-ProDOT
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Figure 2. (a) Structure and frontier molecular orbital maps of the (ProDOT),DHPP oligomer used for TD-DFT calculations. (b) Normalized
UV-—vis absorbance spectra of the resulting TD-DFT calculations of a (ProDOT),DHPP oligomer (black), a synthesized
(iBuProDOT ),DecylDHPP oligomer in toluene solution (red), and DHPP-co-ProDOT copolymer in toluene solution. The proximity of A,
values of calculated and experimental UV—vis spectra support the level of theory and indicate the effective conjugation length is greater than 5

rings.

conditions mentioned above, the first indication of the absence
of cross-coupling defects was from not observing any new
spots on thin layer chromatography (TLC). These results were
then confirmed with '"H NMR (vide infra).

Figure 1 shows overlaid '"H NMR spectra of Br,DHPP
before and after the model reaction. As shown in Figure 1, the
lack of change for the singlet at ~6.37 ppm, as well as the
absence of new chemical shifts in the aromatic region confirm
that no 3,6-coupling was observed and encourage the pursuit
of polymerizations using the high dielectric conditions. The
established DHAP procedure (Scheme 3) yielded a yellow
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polymer with a number-average molecular weight (M,) of 10.5
kg/mol and dispersity (M,,/M,) of 2.0, as determined by SEC
vs polystyrene standards using CHCl; as the eluent (Figure
S6). It is worthy to note that the polymer solutions were
difficult to filter through a 0.45 ym SEC prefilter, likely due to
solubility constraints at concentrations commonly used for
GPC measurements,”’ which may inhibit the accurate
estimation of the polymer molecular weight. Nonetheless,
polymers with a M, > 10 kg/mol are typically considered of
sufficient molecular weight such that electronic properties are
saturated and result in polymeric systems with appropriate

https://doi.org/10.1021/acs.chemmater.2c01884
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viscosities needed for solution processing of thin films.*” The
resulting polymer retained the pyrrolopyrrole singlet at 6.38
ppm and the singlet at 4.10 ppm, attributed to protons on the
propylene bridge of ProDOT, thus confirming the successful
incorporation of ProDOT into the polymer in an alternating
manner (see Figure S4). As shown in the Experimental Section
of the Supporting Information, purity and composition were
further verified with elemental analysis that showed similar
values for expected and determined atomic compositions.
Polymers with high compositional purity are required for
accurately determining structure—property relationships, given
that residual impurities are known to be detrimental to the
performance of organic materials.”' >’

DHPP molecules have been studied for a variety of optical
and optoelectronic applications,”>* which motivates our
investigation of the optical properties of DHPP-co-ProDOT
using UV—vis and fluorescence spectroscopies. After the
successful synthesis, we first turn to calculations to probe
fundamental structural and optical properties. Excited state
transitions of a (ProDOT),DHPP oligomer were calculated via
density functional theory (DFT) geometry optimization,
followed by time-dependent density functional theory (TD-
DFT), both using the mPWI1PBE functional paired with the
cc-PVDZ basis set. These parameters were chosen because
they have been shown to accurately correlate with calculated
and experimental absorbance spectra of ProDOT-containing
oligomers.””>> Figure 2a and Table S1 summarize the results
showing that model oligomers possess wide band gaps (~3.5
eV), likely due to the large dihedral angles between the DHPP-
Ph units (~35°). Notably, calculated dihedral angles are
consistent with previous electronic structure calculations as
well as dihedral angles found for published DHPP crystal
structures, thus supporting our level of theory.”**” The frontier
molecular orbital maps display the electron density of the
HOMO resides mostly on the DHPP unit with modest
redistribution to ProDOT in the LUMO. This result supports
the notion of DHPP being a highly electron-rich building
block,®® thus motivating investigations of its applicability for
electrochemical applications. Calculated UV—vis absorbance
spectra of the model oligomer, however, are blue-shifted
compared to DHPP-co-ProDOT. This discrepancy motivated
the synthesis of a (ProDOT),DHPP oligomer to compare
theory and experimental results for the DHPP/ProDOT
systems. Figure 2 shows the overlaid UV—vis spectra for the
calculated oligomer, experimental (ProDOT),DHPP, and
DHPP-co-ProDOT, where calculated and experimental
oligomer UV—vis data are in close agreement (~2% A.,).
These results further support our level of theory and indicate
the effective conjugation length of DHPP-co-ProDOT is
greater than S rings, even with a large amount of torsional
strain distributed through the polymer backbone.

As shown in Figure 3, DHPP-co-ProDOT absorbs with a
22 of 448 nm, which is attributed to the 7—z* transition. The
featureless absorbance is indicative of a lack of aggregates
present in solution, which means the polymer is well solvated
in toluene at this concentration. Upon photoexcitation, DHPP-
c0-ProDOT emits green light with a 205, of 505 nm. A Stokes
shift of 57 nm reveals a modest degree of structural
rearrangement upon photoexcitation. DHPP chromophores
have been shown to possess high fluorescence quantum yields,
which motivated measuring the fluorescence quantum yield.
The solution quantum yield (®) of DHPP-co-ProDOT was
measured to be 13.9% in toluene, indicating a modest
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Figure 3. Normalized solution UV—visible absorbance (black) and
fluorescence (red) spectra of DHPP-co-ProDOT in toluene solutions
with a nominal concentration of ~20 ug/mL.

fluorescence quantum vyield. The quantum yield of this
DHPP-containing copolymer is notable, as a benchmark
value of @ > 10% is typically viewed as sufficient for use in
organic light-emitting diodes.”” DHPP-co-ProDOT exhibited
signs of photo-oxidation in solution under ambient conditions
after prolonged exposure to sunlight (2 or more weeks). This
phenomenon is accelerated for polymers dissolved in
chlorinated solvents when irradiated with UV light. Addition-
ally, this photo-oxidation is attributed to the electron-rich
properties of the DHPP core in the polymer, facilitating a
photoinduced electron transfer (PET) process that has been
reported for detecting halocarbons with DHPP chromo-
phores.*®

Initial understanding of DHPP-co-ProDOT thermal proper-
ties, such as degradation temperature (T,), glass transition
(Ty), and crystallization temperature (T,), were studied using
thermal gravimetric analysis (TGA) and differential scanning
calorimetry (DSC), respectively. TGA was used to determine
the degradation temperature of DHPP-co-ProDOT by
measuring the mass loss as a function of temperature. Figure
S7a shows the TGA trace that indicates DHPP-co-ProDOT has
a T4 of 377 °C while also providing insight into the purity of
the resulting polymer. The absence of degradation and the
level trace from r.t. to ~300 °C suggests there are no residual
solvents or salts in the polgrmer and supports our NMR and
elemental analysis results.”” DSC measurements showed no
thermal transitions within the experimental range, revealing
that the polymer is amorphous in bulk samples (Figure S7b).
The absence of thermal transitions is attributed to the large
dihedral angles between the pyrrolopyrrole core and benzene
rings (~35° as calculated via DFT) that prevent strong
interactions between polymer chains and encourage a higher
degree of order and crystallinity. Because DHPP-co-ProDOT
possesses a high Ty it is reasonable to surmise that this
polymer can be subjected to postprocessing annealing
procedures, if needed, following solution processing.

Due to the electron-rich nature of DHPP and ProDOT, we
were motivated to study the redox behavior of DHPP-co-
ProDOT as thin films. First, films are spray-cast from 2 mg/mL
toluene onto ITO electrodes. The 2 mg/mL concentration
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Figure 4. (a) UV—vis absorbance spectra of DHPP-co-ProDOT in solution (black) as a pristine spray-cast film (red) and an electrochemically
conditioned film (blue). (b) Cyclic voltammogram traces of DHPP-co-ProDOT as a pristine (black) and electrochemically conditioned film (red).
Electrochemical conditioning protocols consist of performing 10 CV cycles across a voltage window of —0.5 to 1.0 V (vs Ag/AgCl reference
electrode) in 0.5 M TBAPF,/PC electrolyte solution using a scan rate of SO mV/s. UV—vis absorbance spectra were recorded by scanning from 300

to 800 nm.
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Figure S. (a) Absorbance spectra as a function of applied potential of a DHPP-co-ProDOT film spray-cast from a 2 mg/mL toluene solution by
applying SO mV potential intervals from —0.5 to 1.0 V in 0.5 M TBAPF,/PC supporting electrolyte and (b) color coordinates and photographs of a
DHPP-co-ProDOT film spray-cast from toluene as a function of applied potential.

appears to be the optimum concentration for this polymer as
solutions with higher concentrations or alternative solvents
(such as chlorobenzene) were attempted, but adequate
solubilities were not achieved. When the UV—vis absorbance
spectrum of the resulting film is measured, there is minimal
change in the absorbance profile from solution to a pristine
film. Typically, conjugated polymers exhibit a distinct red shift
in the absorbance spectrum in the solid state when compared
to solution due to an increase in 7—7 interactions that facilitate
ordering. The lack of change in the absorbance spectrum
indicates minimal interchain 7—x orbital overlap in the solid
state. We attribute this to the large dihedral angles through the
polymer backbone that prevent efficient interchain polymer
interactions.

After comparing the optical properties of the DHPP-co-
ProDOT copolymer in solution and as a pristine film, films are
electrochemically conditioned to study the optical properties
after subjecting the films to repeated redox reactions.
Electrochemical conditioning (EC) is necessary because
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redox-active polymers often display distinct changes in their
redox response and optical properties with repeated exposure
to redox reactions.”” EC protocols consist of performing 10
cyclic voltammetry (CV) cycles across a voltage window of
—0.5 to 1.0 V (vs Ag/AgCl reference electrode) in a 0.5 M
TBAPEF/PC electrolyte solution using a scan rate of 100 mV/
s. Upon electrochemical conditioning, there is only a slight
broadening of the absorbance profile, and the 4.,
unchanged (Figure 4a). This observation is rare since
conjugated polymers typically exhibit distinct changes in the
absorbance spectrum after being subjected to a flux of solvent
and ions through the film. Moreover, this finding supports the
notion that the polymer is in a disordered state, and EC does
not lead to a change in the effective conjugation length,55
which is typically attributed to the observed changes in the
absorbance spectrum of conjugated polymers after repeated
redox cycling.

Next, the electrochemical properties were studied using CV.
As shown in Figure 4b, despite DHPP-co-ProDOT possessing

is
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large dihedral angles distributed through the backbone, the
polymer displays a relatively low onset of oxidation (~0.6 V vs
Ag/AgCl). This redox response is analogous to arylene-based
copolgrmers used to access high-gap electrochromic poly-
mers®"®> but lower than triphenylamine-based copoly-
mers.”> 7% Additionally, the minimal change in absorbance
from pristine to conditioned film is confirmed with CV. As
seen in Figure 4b, DHPP-co-ProDOT exhibits a quasi-
reversible oxidation and reduction both as pristine and
conditioned film, where the onset of oxidation is slightly
lower in the conditioned film (~0.6 V vs Ag/AgCl). In
contrast, the reduction peak is unchanged after electrochemical
conditioning. Another observation is the increased slope of the
CV trace between pristine and conditioned films when
reducing the film from 1.0 to 0.8 V. This increase is indicative
of solvent and ions moving through the film more rapidly due
to more accessible redox sites being available.

The reversible and stable redox activity motivates studying
absorbance as a function of electrochemical potential, and the
results are plotted in Figure Sa. As shown, the 7—7* transition
at ~448 nm decreases with increasing electrochemical
potential, and two new transitions evolve. According to
simulation results, both are due to the formation of a radical
cation,’ with one species broadly absorbing across the visible
spectrum and the second in the IR portion of the electro-
magnetic spectrum with a maximum absorbance at ~1300 nm
(see Supporting Information). Both grow continuously with
increasing electrochemical potential.

Colorimetric analysis of polymer films was subsequently
performed based on the “Commision Internationale de
IEclairage” 1976 L*a*b* color standards. Colorimetry data
shown in Figure Sb indicates that DHPP-co-ProDOT shows a
vibrant yellow color as a neutral film, with a large b* (~68)
and small a* (~—3), which agrees with the absorbance in the
high-energy portion of the visible spectrum (400—500 nm).
Additionally, colorimetry confirms the minimal changes
between pristine (circled) and electrochemically conditioned
films observed in the UV—vis absorbance spectrum as evident
by only a small decrease in the b* value while the a* value
remained constant. As the oxidation potential is increased, the
b* values begin to decrease, which corresponds to the
evolution of the broadly absorbing oxidized species. While
b* values decrease, a* values track slightly more negative
before returning toward the graph’s origin. This color track
toward the green portion of the color space is due to the
pseudo-dual-band absorbance character between the diminish-
ing 7-7* transition and evolving absorbance ~600 nm. As the
broad absorbance features continue to evolve (Figure S8a), a*
and b* coordinates track to the color-neutral portion of the
a*b* plot (Figure $8b).”” The color neutrality manifests itself
as a black film in the oxidized state, as shown in the
photograph presented in Figure 5b.

The long-term electrochemical stability was measured by
applying square wave potential steps from —0.5 to 1.0 V vs Ag/
AgCl to switch films under an argon atmosphere. As shown in
Figure S9, DHPP-co-ProDOT films maintain ~95% of contrast
after 200 switching cycles but lose 25% of contrast retention
after 1000 cycles. The loss of contrast is likely caused by open
sites on the phenylene units of the polymer regeat unit that are
susceptible to substitution when oxidized®"** or the polymer
film requiring an increased break-in period. Regardless, this
serves as an area of improvement and motivates further design
motifs to improve long-term redox stability.
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The overarching goal of this project was to demonstrate the
utility of DHPP as a useful building block for simplifying the
synthesis of conjugated polymers. The synthetic complexity
(SC) can be quantified using the equation developed by Po
and co-workers,” which is notated as eq 1 and provides a
reasonable starting point for comparing the synthetic complex-
ity of DHPP-co-ProDOT to the field. In eq 1, the S variables
are defined as the number of synthetic steps (NSS), the
reciprocal yield of monomers (RY), the number of operations
required for purification of monomers (NUO), the number of
column chromatography purifications (NCC), and the number
of hazardous materials used (NHC), all of which are assigned a
weighted value based on the influence each step has on
potential cost implications, such as personnel or waste disposal.

N Jog(RY N
sC = 35 NS o Log(RY) vo
NSS,.. log(RY,,.) NUO,, .
N
+ 15 NCEC | NHC
NCCmax NHCma.x (1)

As shown in entry 5 of Table 1, the SC of DHPP-co-ProDOT
is calculated to be 13.8, and this represents a synthetically

Table 1. Synthetic Complexity Analysis of Selected
Conjugated Polymers and DHPP-co-ProDOT*

entry polymer NSS RY NUO NCC NHC SC
1 P3HT 3 1.1 4 0 4 7.8
2 PTQIO0 3 1.1 S 1 6 9.7
3 cost-effective PTQI0 5 2.1 8 1 9 18.4
4 poly(ProDOT) S 31 1 4 9 21.3
S DHPP-co-ProDOT 3 3.1 0 1 7 13.8

“For a comprehensive tabulation of synthetic complexity for
conjugated polymers, readers are directed to the work described in
ref 5.

simple conjugated polymer. For example, poly(3-hexylthio-
phene) (P3HT) (entry 1, Table 1) has a synthetic complexity
value of 7.8 but is hampered by using Grignard reagents and
ultimately possessing modest device performance metrics.”**’
The synthetic complexity of PTQ10 (entry 2, Table 1) is also
calculated to be synthetically simple due to the minimization of
preparatory steps. Notably, when calculating the synthetic
complexity of the proposed cost-effective route for PTQI0
reported by You and co-workers (entry 3, Table 1),"* the
addition of synthetic steps leads to nearly doubling of the
synthetic complexity compared to the original synthetic
strategy and results in a copolymer more synthetically complex
than our DHPP-co-ProDOT. While both PTQ10 approaches
still represent simple synthetic strategies for conjugated
polymers, Stille cross-coupling polymerizations are used in
both studies, which may be detrimental to scalability efforts
due to the generation of stoichiometric amounts of toxic waste.
Finally, given the potential applicability in redox applications,
the SC of DHPP-co-ProDOT is compared to poly(ProDOT)
(SC = 21.3, entry 4, Table 1), and DHPP-co-ProDOT is
calculated to be less synthetically complex than poly-
(ProDOT). Encouragingly, when compared to the extensive
analysis of synthetic complexity provided by Po and co-
workers, DHPP-co-ProDOT is less synthetically complex than
all but two conjugated polymers analyzed in their work.’
Combined, we have demonstrated DHPP as a viable monomer
to simplify the synthesis of conjugated polymers for,
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potentially, both solid-state and redox applications. While
DHPP-co-ProDOT is not the most synthetically simple
conjugated polymer, being able to remove toxic reagents
(tin) and air/moisture sensitive reagents (Grignards) shows
DHPP-containing copolymers offer significant advantages
compared to other conjugated systems.

B CONCLUSIONS

Discovering new monomers that efficiently participate in
polymerization protocols while simultaneously lowering the
synthetic complexity is required for the continued develop-
ment of the field of conjugated polymers. It is essential to
minimize synthetic steps while also removing toxic and air/
moisture-sensitive reagents during synthetic procedures. This
study accomplishes these goals by demonstrating the first
example of a DHPP comonomer being directly incorporated
into the main chain of a polymer repeat unit and providing
foundational structure—property relationships of a novel class
of polymeric material. Dibrominated DHPP comonomers are
synthesized in one aerobic synthesis, purified via vacuum
filtration, and are amendable to scalable preparations without
sacrificing the purity required for efficient polymerizations.
DHPP monomers are successfully incorporated into an
electroactive conjugated polymer via direct arylation polymer-
ization with a ProDOT comonomer, which enables studying
monomer influence on properties such as degradation
temperature, absorbance and fluorescence, and oxidation
potential. TD-DFT aids in explaining the wide band gap
absorbance features as well as the amorphous nature of the
polymer in bulk and thin film samples by understanding the
influence of dihedral angles on these properties. Electro-
chemical studies revealed the quasi-reversible redox nature of
DHPP-co-ProDOT as a thin film that displays yellow-to-black
electrochromism with a relatively low oxidation potential
(~0.6 V vs Ag/AgCl). DHPP successfully demonstrates the
feasibility of generating electroactive materials while reducing
the number of synthetic steps with relatively benign reagents.
This study provides a new approach for simplifying the
synthetic complexity commonly associated with generating
conjugated polymers while also expanding the synthetic
toolbox for the field of conjugated polymers. These findings
motivate future investigations into expanding DHPP copoly-
mer design motifs with the goal of improving sustainability of
organic electronic materials.
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