¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal | View Issue

Deviate from the norm: ambipolar-acceptor
frameworks as a new design paradigm for low
bandgap conjugated polymersy
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A new design paradigm is presented for the production of low bandgap (E5 < 1.5 eV) polymers which
takes advantage of the dual nature of building blocks that can simultaneously exhibit both strong donor
and strong acceptor properties. By replacing the donor unit of commonly applied donor-acceptor (D—
A) frameworks with such ambipolar units, the resulting ambipolar-acceptor framework maintains the
classical D—A backbone, while effectively adding a second acceptor. As illustrative examples of this
approach, the synthesis of a series of alternating copolymers are reported that pair the ambipolar unit
(TP) acceptors,
quinoxaline, and 2H-benzotriazole, successfully producing soluble, processible materials with band gaps
of 1.02-1.12 eV. Analysis of these materials reveals the tunability of this approach and provides convin-
cing evidence that the LUMOs of the TP and traditional acceptor hybridize to give a delocalized and sui-
tably stabilized polymer LUMO, thus contributing to the low bandgaps of the resulting polymers. To
demonstrate the potential of these materials, initial application to bulk heterojunction photonic devices

thieno[3,4-b]pyrazine with various traditional including 2,1,3-benzothiadiazole,
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are also reported, revealing photoresponse out to beyond 1100 nm, with initial NIR photodetectors pro-

rsc.li/materials-c viding detectivity (D*) values as high as 8.9 x 10 Jones at 815 nm.
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Introduction

Although generally believed to be a modern subject, the prepara-
tion and study of conjugated organic polymers dates back to the
1830s." Of course, the polymeric nature of these materials was
not recognized until the start of the 20" century and their
electronic properties were largely overlooked until the first
reports of their conductivity in the early 1960s."” Since that time,
the study of conjugated polymers has continued to grow, ulti-
mately leading to the current field of organic electronics, with
various demonstrated applications including electrochromics,
sensors, organic field effect transistors (OFETs), organic light-
emitting diodes (OLEDs), and organic photovoltaics (OPVs).®™?
The successful application of organic semiconducting mate-
rials is dependent on various critical properties, including
effective conjugation length, energies of the frontier molecular
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orbitals and the resulting bandgap, charge mobilities, solubility
and processability, and overall stability."* Of these, the material’s
band gap (E,) is often deemed especially vital."*"'* Defined as the
energy between the filled valence and empty conduction bands,
the E; corresponds to the HOMO-LUMO gap of the solid-state
material and determines such optical properties as the onset of
absorbance or the energy of any potential emission. As most
conjugated polymers exhibit E, values of 1.5-3.0 eV, these
materials primarily absorb and emit light in the visible regime.
However, lowering the E, can allow more effective absorption in
the red and near infra-red (NIR) wavelengths, a critical capability
for both OPVs''*' and NIR photodetectors."® > In addition, a
smaller E, allows greater thermal population of the conduction
band, leading to more intrinsic charge carriers and enhanced
conductivity.">™” As reducing the E, is typically coupled with
destabilization of the HOMO energy, this can also lead to lower
potentials of oxidation and stabilization of the p-doped (ie.,
oxidized) state."*™> As such, the development of design criteria
for lowering the E, of conjugated materials remains a critical
factor for the production of technologically useful low (E, <
1.5 eV)"*"" and reduced (E, = 1.5-2.0 eV)"*'° bandgap polymers.

While a number of factors contribute to the material’s Eg,'*™°
there are generally only two primary design methodologies for
the successful production of true low E; polymers. The first of

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Minimizing Eg via enhancing the quinoidal character of the ground
state.

these was introduced in 1984 by Wudl, Heeger, and coworkers,
which involved efforts to enhance the quinoidal nature of the
aromatic backbone of polythiophene.”®*” For polythiophene,
theoretical studies have shown the quinoidal form to have a
much lower E, than the aromatic form, and that the E; can be
decreased by increasing the quinoidal contribution to the ground
state of the polymer.">*?® As shown for the original example of
polyisothianaphthene in Fig. 1, this reduction in E, is attributed
to both a stabilization of the LUMO and destabilization of the
HOMO, with the effect on the HOMO nearly twice that of the
LUMO."?®

These early efforts utilized fused-ring units such as isothia-
naphthene, sometimes referred to as proquinoidal units."® That is,
aromatic units without quinoidal content in the monomeric form,
but able to induce quinoidal character in the resulting polymers.
More recent approaches have been to move beyond proquinoidal
units to units that adopt a true quinoidal con-stitution in the
ground state.'”"® Although efforts to enhance the quinoidal nature
of conjugated polymers continues to be an important approach to
reducing E,,'*"”'® an alternate approach has grown to become the
most commonly applied design criteria for low E, polymers.

This second approach was introduced by Havinga and
co-workers in 1992, which applied a conjugated backbone of
alter-nating electron-rich (donor) and electron-poor (acceptor)
groups in order to reduce the polymer E,.>**° As illustrated in
Fig. 2, lowering the E, via donor-acceptor (D-A) frameworks is
typically explained by hybridization of the frontier orbitals of the
donor and acceptor, thus producing a hybrid D-A material with
HOMO levels characteristic of the donor and LUMO levels char-
acteristic of the acceptor.”*™”*"** The HOMO-LUMO energy of
the D-A unit is thus smaller than either of the respective homo-
dimers and further chain extension of the D-A framework would
continue hybridization to give a reduced polymer E,. It should be
pointed out that such pictorial representations found in the
literature commonly show equivalent mixing of both the HOMO
and LUMO.">"”'® While such equivalent mixing can occur in some
cases,” this is usually not the case.>**'** Rather, the HOMO levels
of the donor and acceptor are normally more energetically similar
than the corresponding LUMO levels, thus leading to reduced
mixing between the respective LUMOs.?” This is particularly true
for many materials of strong acceptors, where LUMO levels are too
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Fig. 2 Hybridization of frontier orbitals of donors (D) and acceptors (A) to
give symmetric (D-D or A-A) or hybrid (D—A) dimeric units.

energetically and spatially separated to see any substantial mixing
in the initial D-A unit, although some additional mixing can
sometimes occur in the final polymer.*"**

In terms of their application of D-A frameworks, monomers
are generally viewed as either electron-rich donors, electron-
poor acceptors, or a neutral spacer units. This view, however,
has been complicated by the realization that the common
building block thieno[3,4-b]pyrazine (TP, Fig. 3)**° is not a
simple acceptor as generally applied, but simultaneously acts as
both a strong donor and strong acceptor.’>*° Consequently, the
TP unit contributes strongly to both the HOMO and LUMO in
D-A frameworks and it is the internal D-A interaction®” of TPs
that dominates their electronic behavior. Due to the dual donor
and acceptor nature of TPs, these units have been designated
ambipolar units in order to differentiate them from traditional
donors or acceptors.>3%:4°

Historically, TP units have been used to generate homo-
polymeric materials or applied as acceptors in D-A frameworks for
the successful production of a wide range of low E, polymers.*
However, as it is now understood that TPs also exhibit a high-lying
HOMO, this characteristic should logically allow for a new design
paradigm for low E, materials in which ambipolar units such as TP
are paired with an acceptor, rather than the traditional pairing
with a donor (Fig. 3). Previous communications in 2018 presented
initial examples of this approach,*™** with the current report
presenting further optimization of those efforts, as well as expan-
sion of the scope of these materials to include a series of
ambipolar-acceptor frameworks that pair TP with the traditional
acceptors 2,1,3-benzothiadiazole (BTD),***** quinoxaline (Qx),">*’
and 2H-benzotriazole (BTA).***° In the process, the present dis-
cussion will outline the nature and scope of this new design
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\
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S
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n
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poly(D-TP)
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Fig. 3 Ambipolar thieno[3,4-blpyrazine (TP) and its corresponding poly-
meric materials.
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paradigm, report the full optical and electronic characterization of
these materials, provide a detailed comparison to related model
D-A polymers, and present the initial application of these materi-
als to bulk heterojunction devices.

Results and discussion

Ambipolar nature of TP relative to common donors and
acceptors

Prior to presenting working examples of this new design para-
digm, it is worth further clarifying the ambipolar nature of TP
and exactly how this relates to traditional donors or acceptors.
Of course, a complication here is that the terms donor and
acceptor are often used throughout the literature as simply
“electron-rich” or “electron-poor” units, without any firm
parameters as to what exactly qualifies them as such. However,
as outlined in Fig. 2, acceptors of significant strength are
considered to have low-lying LUMOs, thus allowing electroche-
mical characterization of these energy levels as shown in Fig. 4a
for TP and the accepters BTD, Qx, and BTA used in the current
study. Based on the potential for the TP reduction, it represents
a quite strong acceptor, falling halfway between the reductions
of the traditional acceptors BTD and Qx. In comparison, the
reduction of BTA occurs at significantly higher negative poten-
tials and falls on the upper limit of what can be characterized
via electrochemistry. As such, this data more than justifies the
historic use of TP as an acceptor in D-A frameworks.
Similarly, donors of significant strength are considered to
have high-lying HOMOs, again allowing electrochemical char-
acterization as shown in Fig. 4b for TP and the donors thio-
phene and 3,4-ethylenedioxythiophene (EDOT). Here, TP
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Fig. 4 (a) Cyclic voltammograms of TP and various acceptors; (b) cyclic

voltammograms of TP and various donors; (c) plot of frontier energy levels of
donors, acceptors, and ambipolar units as determined from electrochemistry.
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undergoes oxidation at potentials ca. 600 mV less than thiophene
and at nearly the same potential as that of EDOT. As such, TP can
also be considered to be a quite strong donor, a conclusion also
supported by various studies of oligomeric models.>**°

From such electrochemical studies, the relative frontier
orbital energies can be estimated relative to vacuum, with the
corresponding frontier orbital energies plotted in Fig. 4c. Here,
we can now provide working definitions in which donors
exhibit HOMO energies high enough to be characterized via
electrochemistry, but with LUMO energies that fall outside
normal electrochemical solvent windows. Likewise, acceptors
exhibit LUMO energies low enough to be measured, but with
HOMO energies that fall outside normal solvent windows. As
ambipolar units act as both donors and acceptors, both frontier
orbitals can be determined by normal electrochemical meth-
ods, as illustrated in Fig. 4c for TP and its extended analogue
acenaphtho[1,2-b]thieno[3,4-¢]pyrazine (ATP).>°

Polymer synthesis

Of course, the novelty of this new ambipolar-acceptor design
approach involves some synthetic complications. For example, the
most common synthetic routes to D-A polymers utilize a dihalo-
functionalized acceptor with either a distannyl- or diboroester-
functionalized donor, thus suitable for Stille or Suzuki cross-
coupling. This is the case for TP-based materials as well, with the
bulk of previous TP copolymers produced via 5,7-dibromothieno[3,4-
blpyrazines.>> Thus, in order to successfully cross-couple what has
been previously viewed as two acceptor units, new distannyl- or
diboroester-acceptor intermediates would be needed.

In order to circumvent this issue, efforts instead turned to
direct arylation polymerization (DArP), which offers a number of
advantages over traditional cross-coupling methods.>'~>° In terms
of its application to the desired TP-acceptor polymers here, the
most critical aspect is that DArP facilitates C-C bond formation
between aryl C-H units and aryl halides without the need for
conventional organometallic species (i.e., distannyl monomers).
As a result, DArP provides a viable route to the cross-coupling of
unfunctionalized TPs with a corresponding dihalo-functionalized
acceptor. Furthermore, as TP only possesses C-H bonds at the
two thiophene o-carbons, the B-defects sometimes observed in
the application of DArP are not a possibility here.

The general polymerization conditions investigated for the
crosscoupling of 2,3-bis(2-ethylhexyl)thieno[3,4-b]pyrazine with
4,7-dibromo-2,1,3-benzothiadiazole are given in Table 1. THF
was initially chosen as the polymerization medium as it has
previously proven to be a good solvent for solubilizing TP
materials. However, to allow access to higher temperatures, the
reactions were carried out in a sealed microwave vial to allow
superheating of the solvent under pressure. While the initial
reaction conditions utilizing THF at 100 °C successfully gener-
ated the desired materials, both the solvent and the corres-
ponding polymerization temperature are considered among the
most critical variables for DArP and attempts to further optimize
these conditions were thus carried out as detailed in Table 1.%*
These efforts first began with the polymerization temperature, in
which the temperature of the reaction in THF was increased from

This journal is © The Royal Society of Chemistry 2025
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Table 1 Optimization of polymerization conditions for the production of poly(2,3-bis(2-ethylhexyl)thieno(3,4-blpyrazine-alt-2,1,3-benzothiadiazole)”

R R
>—< R = 2-ethylhexyl
7\

N N

N:/ \iN B’{}Bf PA(OAc), K,COs
n * N o I\
w3, N (O s
S OH 7~ 1n
OMe N,
S’N

Entry  Solvent Temperature (°C)  Reaction time (h)  Polymer yield M, PDI  /max (CHCl;, nm)  Apax (film, nm)  E, (eV)
1 THF 100 24 74% 697
2 THF 100 48 99% 8100 1.45 813 850 1.05
3 THF 120 24 99% 11700 1.59 790 840 1.02
4 xylenes 120 24 99% 4600 1.42 798 842 1.09
5 xylenes 150 24 trace
6 DMAc 120 24 78% 11500 2.54 625 652 1.28

“ Carried out in a sealed microwave vial to allow superheating of the solvent.

100 to 120 °C. While the previous conditions at 100 °C required a
full 48 h of reaction time in order to achieve sufficient molecular
weights and yield,"" it was now found that the reaction time at
120 °C could be halved to 24 h with no loss in polymer yield.
Furthermore, the elevated temperature also resulted in higher
molecular weight samples and a slight drop in the E, from 1.05 to
1.02 eV.

Alternate solvents were then investigated, beginning with
xylenes as a higher boiling solvent that could access even
higher reaction temperatures. At 120 °C, xylenes gave compar-
able yields to THF, but with a reduced M,, and an increase in E,.
Further increasing the temperature to 150 °C did not improve
these results, instead giving only trace amounts of product.
Finally, N,N-dimethylacetamide (DMAc) was also investigated
as it has been a popular choice for conjugated polymers via
DArP.”® DMAc, however, gave lower yields and much higher E,
values. As the M,, values via DMAc are similar to those via THF,
it is assumed that DMAc resulted in defects of some form that
reduced the backbone conjugation.

As the combination of THF and 120 °C gave the best overall
results, these then became the standard conditions for the
preparation of a series of polymers, as outlined in Scheme 1.
These methods gave the desired polymer products in yields of
ca. 80-99%, with M,, values of 8000-14 000. All of these materi-
als exhibit good solubility, although more solubilizing 2-ethyl-
hexyl sidechains were required on the TP when paired with BTD

OAc cho3 R R
oH N>/ \<N
.
S Bk THF @120°C =
TP R=CgHys T2 (sealed vial) TP-A n

EHTP R =2-EtCH,

- O Qm QQX o

‘N’

CH

HC CgH,5

Scheme 1 Synthesis of thieno[3,4-blpyrazine-acceptor frameworks.

This journal is © The Royal Society of Chemistry 2025

due to the lack of any solubilizing sidechains on the acceptor
unit.

Optical and electronic characterization

The optical and electronic properties of the resulting TP-A
polymers are summarized in Table 2, with the visible-NIR
spectra of thin film samples given in Fig. 5. As with most D-A
37 all of the TP-A materials exhibit two absorption
bands, with the low energy band assigned to an intramolecular

polymers,

charge transfer (ICT) from the polymer backbone to one or both
acceptor units. As can be seen from the thin film spectra, the
absorbance onsets correspond to low E, values of 1.02-1.12 eV,
with the trend in the observed E, values consistent with the
relative strengths of the acceptor units applied (Fig. 4).

While most low bandgap materials achieve such low E,
values by raising the HOMO energy, the TP-A materials here
all exhibit relatively stabilized HOMO levels of ca. —5.20 to
—5.25 eV. This difference can be easily seen in comparison to
the GRIM polymerized poly(2,3-dihexylthieno[3,4-b]pyrazine)
(TP-TP),*" which exhibits a relatively similar Ey (ca. 0.96 eV),
although with a higher HOMO of —5.0 eV. In the case of TP-TP,
the combination of ambipolar TP units results in hybridization
of two strong donors, resulting in a very destabilized HOMO, as
well as the hybridization of two strong acceptors, resulting in a

Table 2 Optical and electronic data for various TP-A and traditional D—A
frameworks

Jimax Jmax Eg?*  HOMO LUMO
Polymer (CHCl;, nm)  (film, nm) (eV) (eV)* (ev)?
EHTP-BTD 790 840 1.02 —5.25 —3.93
TP-TP 970 890 0.96 —5.00 —3.90
TP-Qx 765 828 1.07 —5.25 —3.87
TP-BTA 740 774 1.12 —5.20 —3.80
EHTP-Ph 620 640, 690 1.50 —5.50 —-3.70
ProDOT-BTD® 645‘? 662 1.53 —5.22 —-3.70
TQle 612 629 1.75 —5.35 —3.60
“ EHOMO = _(E[onset oxvs. Fct/Fc] + 5-1) (eV), ref. 58. b ELUMO =
— (Bfonset,red vs. Fer/pe] + 5-1) (eV), ref. 58. © Ref. 59. ¢ In toluene. ° Ref. 60.
f1In o-dichlorobenzene.
J. Mater. Chem. C, 2025, 13, 7290-7299 | 7293
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Fig. 5 Visible-NIR spectra of TP-A thin films.

deep LUMO. By replacing a TP unit with a traditional acceptor,
the total donor content is significantly reduced, resulting in a
deeper HOMO typically of many D-A frameworks. While this
does raise the E, to some extent, the deeper HOMO of the TP-A
materials provides some additional environmental stability,
while also offering a clear benefit in applications to technolo-
gical devices.

What really sets this new class of low E, materials apart from
typical D-A frameworks is the deeper LUMO levels achieved by
this new design approach. While the exact nature of the LUMO
resulting from the inclusion of two acceptor units was an initial
question during the development of this design approach, a
combination of computational studies,***' analysis of oligo-
meric models,*” and the trends presented in Table 2, all support
a single, delocalized LUMO resulting from hybridization of the
LUMOs of TP and the second acceptor species. For example, the
LUMO values given in Table 2 track well with the respective
acceptor strengths of the TP-A pairs (Fig. 4a), with stronger
acceptor combinations giving the most stabilized LUMOs. This
trend includes the TP-TP combination of the GRIM polymerized
homopolymer, which also had been previously concluded to
exhibit a delocalized LUMO via hybridization of the neighbour-
ing TP units.> However, unlike the TP-A materials, the TP
homopolymer lacks the traditional acceptor in order to stabilize
the HOMO level, again resulting in the higher HOMO level. The
trend observed here in the LUMO levels across all TP-A pairings
also emphasizes the fact that this design paradigm is not limited
to the use of acceptors that are stronger than TP (i.e., BTD),
although again, stronger acceptors result in the most stabilized
polymer LUMO and thus lower bandgaps.

In order to clearly illustrate the effect of the two-acceptor
combination, the model polymer EHTP-Ph was also prepared
which maintains the TP-phenylene backbone of the TP-A series,
but without the second traditional acceptor. The first effect
observed in removing the second acceptor is a deeper HOMO for
EHTP-Ph. This difference can be attributed to the fact that
benzene is actually a weaker donor than the fused-ring benzo
acceptors, as evidenced by their respective HOMO energies
(BTD* —7.2 eV; benzene® —7.4 eV). More critically, however,
is the fact that EHTP-Ph does not exhibit the stabilized LUMOs
observed in the TP-A series, highlighting the importance of the
second acceptor and its contribution via mixing between the
two acceptor units. The combination of the deeper HOMO and

7294 | J Mater. Chem. C, 2025, 13, 7290-7299
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higher-lying LUMO for EHTP-Ph thus results in an E; of 1.50 eV,
ca. 0.5 eV higher than the TP analogues containing the second
acceptor.

Finally, the properties of the TP-A polymers can be com-pared
and contrasted to the traditional D-A polymers, poly(3,4-propyl-
enedioxythiophene-alt-2,1,3-benzothiadiazole) (ProDOT-BTD)>®
and poly(2,3-bis(3-octyloxyphenyl)quinoxaline-alt-thio-phene) (TQ1),*
both of which can be considered analogues of TP-BTD and TP-
Qx in which the TP has been replaced with either ProDOT or
thiophene respectively. As ProDOT-BTD and EHTP-BTD share
the same traditional acceptor and ProDOT is a donor of similar
strength to TP (i.e., ProDOT is similar to EDOT, Fig. 4b), one
would expect the HOMO energies of the two materials to be
similar, which is exactly that shown in Table 2 (—5.25 vs. —5.22 €V).
The E, value of ProDOT-BTD, however, is ca. 0.5 eV greater than
that of TP-BTD, largely due to the more stabilized LUMO of the
latter. In the same way, the polymers TQ1 and TP-Qx share the
same acceptor, but as TP is a stronger donor than thiophene
(Fig. 4b), one would expect the HOMO of TQ1 to be more
stabilized than that of TP-Qx. As shown in Table 2, this is
exactly what is found (—5.35 vs. —5.25 eV). Even taking this into
account, however, the E, value of TQ1 is ca. 0.7 eV greater than
TP-Qx, again due to the more stabilized LUMO of the latter.

Of course, the lack of LUMO stabilization for EHTP-Ph,
ProDOT-BTD, and TQ1 illustrates that sufficient hybridization
between the acceptor units relies not just on suitable energy
matching of acceptor LUMOSs, but also on the relative spatial
distance between the acceptors. That is, the stabilization seen
in the TP-A frameworks are not due to the combination of two
different acceptors alone, but due to the fact that two acceptor
units of suitably matched LUMO energies are also close enough
to facilitate significant mixing. As such, one would expect the
LUMO stabilization exhibited in the TP-A frameworks to be
eliminated if spacer units were introduced into the backbone,
thus spatially separating the TP and A units.

The question of quinoidal effects

Considering that TP is a well-known proquinoidal unit'® and that
the new paradigm introduced via ambipolar-acceptor frameworks
overturns long-held assumptions for D-A models, some readers
will attempt to dismiss the low bandgaps achieved in the TP-A
materials as simply the result of expected quinoidal effects, rather
than any new insight into D-A frameworks. Furthermore, some
authors have even questioned the effect of the D-A approach in
general, suggesting that it is actually the geometrical mismatch
between quinoidal and aromatic units that accounts for the lower
E, in such frameworks.®>"*” As such, a discussion of any potential
quinoidal effects in the current materials is warranted.

To begin with, the fact that the LUMOs of the TP-A frame-
works here are dependent on the presence and strength of the
traditional acceptor, it is clear that these play a role in deter-
mining both the LUMO and the resultant E,. At the same time,
as the proquinoidal TP unit is held constant throughout the
series, it is not really possible to account for differences in Eq
due to quinoidal effects alone. While one could argue that the
differences could be due to each acceptor unit impacting the TP

This journal is © The Royal Society of Chemistry 2025
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quinoidal contribution to a greater or lesser extent, the fact that
the chemical composition of the conjugated backbone is essen-
tially held constant throughout the series makes this unlikely.
Of course, none of this precludes a combination of quinoidal
and D-A effects at play.

At the same time, it must be highlighted that the trends
found in Table 2 are also in excellent agreement with a previous
oligomer study of D-A effects, including those of TP-BTD.*> As
the oligomers of that study fell below the minimum chain
length expected for meaningful quinoidal effects,®® the trends
in the oligomers were concluded to be solely due to D-A effects.
As such, if quinoidal effects provided a significant contribution
to the energies and E, values of the polymers reported here, but
not to the previous oligomers, one would expect to see some
deviation between the two sets of results.

Finally, as previously discussed above, the polymers EHTP-
BTD and ProDOT-BTD only differ in the replacement of TP with
ProDOT, with both polymers exhibiting nearly equal HOMO
energies (Table 2). Furthermore, these similar HOMO energies
are consistent with the similar donor strengths of TP and
ProDOT. However, while TP is a proquinoidal unit, ProDOT is
not, and thus one cannot make a valid argument for quinoidal
effects in the case of ProDOT-BTD. As introduced above, the
enhancement of quinoidal effects lowers the E, by destabilizing
the HOMO and stabilizing the LUMO, with a greater effect
observed for the HOMO energies. Thus, if quinoidal effects
were contributing to EHTP-BTD, but not to ProDOT-BTD, the TP
material would be expected to exhibit a HOMO of higher energy
in comparison to its ProDOT analogue. The fact that they exhibit
similar HOMOs would require equivalent quinoidal contribu-
tions in both cases, which is just not realistic. However, as the
HOMO energies are in complete agreement with the D-A model,
one must conclude that any potential quinoidal effects are
minimal in the TP-A materials reported here.

Structural aspects of the current TP-A materials

An aspect of the TP-A series that may contribute to the effective
mixing between the two acceptors is significant hydrogen-bonding
between the aromatic C-H units of the traditional acceptors and the
pyrazine nitrogen of the TP. Originally observed in oligomeric
models (Fig. 6a),> these hydrogen bonds in the EHTP-BTD polymer
is evidenced by large downfield shifts of the BTD hydrogens in the
polymer "H NMR spectra (Fig. 6b). This hydrogen-bonding, coupled
with complementary S---N interactions, results in a very flat, rigid
backbone for the TP-A series, which also accounts for the reduced
solubility seen across this series in comparison to other conjugated
materials. Attempting to gain insight into the potential contribu-
tions of these interactions, the 5,6-difluoro-2,1,3-benzothiadiazole
(F,BTD) analogue of EHTP-BTD was prepared, in which replace-
ment of the BTD hydrogens with fluorine would prohibit the
hydrogen-bonding interaction. Unfortunately, the resulting EHTP-
F,BTD polymer (Fig. 6¢) exhibited an extremely large blue-shift (ca.
322 nm) in the thin film absorption, resulting in an E, of ca. 1.60 eV.
This dramatic increase in E, was thus attributed to not only
removing the hydrogen-bonding effect, but considerable electronic
repulsion between the fluorine and nitrogen lone pairs.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Attractive and repulsive interactions in dimeric TP-BTD (a), poly-
meric EHTP-BTD (b), and EHTP-F,BTD (c).

Bulk heterojunction devices

In order to probe the potential of the TP-A frameworks in
technological devices, bulk heterojunction (BHJ) devices were
fabricated from 1:1 blends of TP-BTA and phenyl-C¢;-butyric
acid methyl ester (PCBM). The binary blends produced suffi-
ciently smooth films of ~100 nm thickness and the resulting J-
V plot and external quantum efficiency (EQE) for a representa-
tive device is shown in Fig. 7. The EQE response exhibits a high-
energy maximum at ca. 375 nm, with additional low-energy
maxima at ca. 770 and 815 nm. This low-energy response
matches well with the absorbance of pure TP-TBA films, while
the higher energy response is attributed to contributions of
PCBM.®® As can be seen, TP-BTA contributes to the device
response in the NIR region down to ca. 1200-1300 nm, in good
agreement with the thin-film absorption shown in Fig. 5. More-
over, the EQE response of the devices is significant across the
entire 300-1100 nm wavelength range.

Although the characteristics of these unoptimized devices
pale in comparison to the high-efficiency OPV devices now
possible, they are noteworthy in their ability to provide photo-
response in the NIR. While a fair number of low E, polymers
have been applied to photonic devices, the family of such
materials capable of response below 1000 nm still encompasses
less than 20 polymers.*°

In order to evaluate the ability of these devices to act as NIR
photodetectors, the noise current of the BH]J devices was deter-
mined so that the specific detectivity (D*(1)) could be calculated.
Such D*(2) values reflect the ability to detect signals of weak
irradiation intensity and are considered the most critical para-
meter for NIR photodetectors,**>* with values >10"" Jones (or
cm Hz? W) considered competitive with inorganic photodetec-
tors. The respective responsivity (R(4)) and D*(1) values for the
TP-BTA:PCBM device are shown in Fig. 8. Within the NIR
region, maximum values of 0.010 A W and 2.43 x 10° Jones
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Fig. 7 External quantum efficiency (EQE) and J-V plot of a 1:1 TP-
BTA: PCBM device.

are found at 815 nm, with D*(1) remaining above 10° Jones out
to 1000 nm.

Furthermore, much like with the photoresponse shown in
Fig. 7, the detectivity of these NIR photodetectors extend
beyond 1000 nm, with measurable values out to ca. 1300 nm.

Of course, NIR photodetectors based on low E, polymers and
small molecules capable of response below 1000 nm have now
achieved D*(1) values >10"® Jones.>*"**? still, it must be noted
that the bulk of these values have not been determined relative to
the total noise current as was done for the TP-BTA devices here.
Rather, most determine D*(7) solely from the dark current.>'*
As such, the specific detectivity is generally overestimated, as the
measured noise current is usually much larger than the theore-
tical shot noise limit.>"**?* In fact, some argue that the con-
tribution of thermal noise to the total noise current is significant
in organic NIR photodetectors, particularly those based on low Eg
materials,>>>* with the overestimation of D*(1) predicted to be
greater than an order of magnitude when based only on dark
current.** To emphasize the effect of determining D*(2) via dark
current vs. total current, the D*(1) value for the TP-BTA device at
815 nm was also determined using the dark current only,
resulting in the considerably higher value of 8.9 x 10"" Jones.
This value determined from the dark current thus compares very
well with the best reported NIR photodetectors, placing it among
the top 10 of such reported devices. At the same time, this also
emphasizes the very real problem with determining these values
by dark current only, as this significantly overestimates the real
detectivity of these devices. Nevertheless, the current results of

9 ]
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= £0.015
*':,E 3% 109 - 244X109J|ones@815nm =
£ L0.010 §
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Q
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Fig. 8 Specific detectivity (D*()) and responsivity (R(4)) for a 1:1 TP-
BTA : PCBM device.
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these initial non-optimized devices exhibit significant promise
and reflect the potential for the future development of NIR
photodetectors based on such TP-A frameworks.

Lastly, the deep HOMO and low-lying LUMO of the TP-A frame-
works offer the possibility of their application as non-fullerene
acceptors in OPV devices. To test this possibility, devices were
fabricated from blends of poly(3-hexylthiophene) (P3HT) with either
TP-BTD or TP-BTA. While 1:1 devices did produce photocurrent,
the overall performance was rather poor. This behaviour was largely
due to quite low short circuit currents, arising from poor film
morphology, with large crystallites evident in the blend films. It is
hypothesised that this morphology problem is again reflective of the
rigid nature and structural arching of the molecules, resulting from
the intra-molecular hydrogen-bonding shown in the Fig. 6. Still, if
these limitations could be overcome, these materials could lead to a
new family of NIR-absorbing, non-fullerene acceptors.

Synthetic complexity

Lastly, it is worth addressing the growing issue of synthetic
complexity in conjugated polymers. In the pursuit of superior
materials with targeted properties, particularly those capable of
providing enhanced device performance, high-performance poly-
mers have become increasingly more structurally complex. In fact,
many modern materials can be composed of three or more
different monomeric units, with the total synthesis requiring
multiple sequential steps to control the desired order of monomer
connectivity, as well as any potential regio-chemistry involved."* In
comparison, the TP-A materials here are simple alternating copo-
lymers of only two symmetrical monomeric units.

In order to allow meaningful comparison of synthetic com-
plexity (SC) within a group of related materials, Po and
co-workers defined an SC index in 2015 to estimate the relative cost
of synthesized materials in a way that balances key factors that
determine the overall cost.”® Factors that determine the SC index
includes the number of synthetic steps, the reciprocal synthetic
yield, the number of unit operations required for isolation/purifica-
tion, the number of column chromatographic purifications, and the
number of hazardous chemicals involved. Applying the SC index to
a group of best performing NIR photodetector polymers results in a
SC index of 52.2 for TP-BTA. In comparison, the bulk of previous
high-performing materials in such devices have SC index values of
75.1-92.5 (See ESIt). As such, these TP-A not only provide compe-
titive device performance, but do so with a significant reduction in
synthetic complexity.

Conclusions

A new design paradigm for low band gap conjugated polymers
has been presented in which an ambipolar TP unit incorporating
dual donor and acceptor qualities is paired with a traditional
acceptor, including 2,1,3-benzothiadiazole (BTD), quinoxaline
(Qx), and 2H-benzotriazole (BTA). These materials were prepared
via direct arylation polymerization to produce processible materi-
als with E, values of 1.02-1.12 eV, in which the E, is dependent
on the strength of the traditional acceptor applied.

This journal is © The Royal Society of Chemistry 2025
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Optical and electrochemical characterization of these mate-
rials, along with the model polymer EHTP-Ph, supports the view
that the low E, values of these materials are due to D-A effects in
which the TP acts as the donor and both monomers act as
acceptors. As a result, this produces materials with deep HOMOs
and sufficiently stabilized polymer LUMOs resulting from the
hybridization of the LUMOs of both acceptors. At the same time,
no evidence could be found that would support the possibility that
the lower E, values could be due to any quinoidal effects in these
materials. While the application of these materials to conventional
BHJ OPV devices was disappointing, the application of TP-BTA to
NIR photodetectors resulted in very competitive specific detectivity
(D*(4)) values and with a material of significantly reduced synthetic
complexity. As such, this new design model provides significant
promise for the future generation of both successful low E,
materials and their application to NIR photodetectors.
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