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A series of model oligomers consisting of combinations of a traditional strong donor unit (3,4-ethylenedioxythiophene), a

traditional strong acceptor unit (benzo[c][1,2,5]thiadiazole), and the ambipolar unit thieno[3,4-b]pyrazine were synthesized

via cross-coupling methods. The prepared oligomers include all six possible dimeric combinations in order to characterize

the extent and nature of donor-acceptor effects commonly used in the design of conjugated materials, with particular focus

on understanding how the inclusion of ambipolar units influence donor-acceptor frameworks. The full oligomeric series was

thoroughly investigated via photophysical and electrochemical studies, in parrallel with with density functional theory (DFT)

calculations, in order to correlate the nature and extent of donor-acceptor effects on both frontier orbital energies and the

desired narrowing of the HOMO-LUMO energy gap. The corresponding relationships revealed should then provide a deeper

understanding of donor-acceptor interactions and their application to conjugated materials.

Introduction

Although conjugated organic polymers are typically viewed as
modern materials, examples date back to the early 1800s.1.2 The
modern era of these materials began with the first reports of
their conductive nature in the early 1960s, but it was advances
in the 1970s that brought particular focus to these systems with
the first Over time,
conjugated materials have continued to receive significant
interest due to their combination of the electronic and optical
properties of classical inorganic semiconductors, with many of
the desirable properties of organic plastics.3* This ultimately
gave rise to the current field of organic electronics, with focus

report of metallic conductivities.1.2

on technological applications such as sensors, electrochromic
devices, organic photovoltaics (OPVs), organic light-emitting
diodes (OLEDs), and organic field effect transistors (OFETs).3-°
For the applications given above, successful organic semi-
conducting materials must combine several critical properties,
including processability, stability, high conjugation length, a
suitable band gap (£,), and sufficient charge mobility.1011 Of
these factors, control of the E; has been given significant
attention. As the E; is the energetic separation between the
filled valence and empty conduction bands, it corresponds to
the HOMO-LUMO gap of the bulk, solid-state material, and
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determines such properties as the onset of absorbance or the
energy of any potential emission.1%-18 |n addition, as the E5 and
the frontier orbitals are intimately related, the ability to control
the orbital energy levels allows tuning of both the E; and the
material's redox properties. As such, tuning of the orbital
energy levels is also crucial for providing environmental
stability, as well as proper matching of energy levels with other
electronic components in device applications.®

Recent efforts in band gap engineering of conjugated
polymers have largely aimed to produce either reduced band gap
(Eg = 1.5-2.0 eV)141>16 or low band gap (Eg < 1.5 eV)11121518
materials in order to obtain materials which can more efficiently
absorb solar radiation for OPV applications. Although various
structure-function relationships have been shown to play a role
in the resulting E4 of conjugated polymers,191! the successful
production of lower E; materials is primarily limited to either
enhancing the quinoidal nature of the polymer backbone or the
construction of donor-acceptor (D-A) frame-works.11-23 Of these
two approaches, the D-A framework (Fig. 1) has become the
most commonly applied design strategy for the production of
lower Eg materials.

First introduced by Havinga and coworkers in 1992,2425 the
D-A approach was based on the regular alternation of strong
donor and acceptor-like groups along the polymer backbone
(Fig. 1). One explanation for the lowered E4 of D-A frameworks

n

Fig. 1. Conceptual donor-acceptor framework and a simple representative example.
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has been in terms of reduced bond length alternation. The
reasoning here is that providing that the corresponding donor
and acceptor units are strong enough, it may be possible to
evoke a new resonance form exhibiting double bond character
between the donor and acceptor units as shown below:

+D—A+n -~ +5:H—n

Averaging these two resonance forms would thus reduce bond
length alternation along the conjugated backbone, leading to a
decreased E,.1%1%22 However, the most common explanation for
the reduction in Eg is due to hybridization of the frontier orbitals
of the donor and acceptor, thus producing a hybrid material with
HOMO levels characteristic of the donor and LUMO levels
characteristic of the acceptor.11.19-22 Still, it should be stressed
that this model was originally proposed and shown in one class of
polymers (polysquaraines/polycroconaines) and has essentially
been applied since to all conjugated materials without further
modification or refinement. In fact, several theoretical studies
have questioned the validity of the theory and have suggested
that as the acceptor units applied are typically quinoidal and the
donor units are aromatic, it is the geometrical mismatch between
quinoidal and aromatic forms which is the important factor, thus
resulting in reduced bond length alternation and lower E4 as a
consequence.?6-2° Furthermore, the commonly presented orbital
diagram consisting of a donor-localized HOMO and an acceptor-
localized LUMO is only one of the five possible cases that can
occur in D-A copolymers,3931 with the molecular orbital
localization depending on various factors including the offsets of
HOMO and LUMO between the D and A units, the molecular
orbital symmetry, and steric effects.32

In the application of the D-A model, monomers are typically
viewed as an electron-rich donor, an electron-poor acceptor, or a
neutral spacer unit. However, this commonly held view has been
recently complicated by the realization that the common building
block thieno[3,4-b]pyrazine (TP)1>33-37 js not a simple acceptor
unit as previously believed, but acts simultaneously as both a
donor and acceptor unit.3® Due to this dual donor and acceptor
nature, TPs exhibit a localized intramolecular charge transfer (ICT)
transition from a thiophene-localized HOMO to a more pyrazine-
localized LUMO (Fig. 2),3*36 and this dual nature has led us to
propose calling such units ambipolar building blocks3® to
differentiate them from traditional donors or acceptors. This
ambipolar character has now been further demonstrated with
the successful generation of low E; materials via alternating
copolymers of nonconventional TP-A pairings,7-18 as well as the
more traditional D-TP materials.1>

The issues discussed above have led to a realization that the
commonly applied D-A approach to the design of reduced and
low E; materials is overly simplistic and does not accurately
account for the electronic properties of all D-A materials. As
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Fig. 2. The monomeric units utilized in the model oligomers.
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such, it is clear that this theoretical framework needs further
development in order to produce meaningful design criteria for
the production of conjugated materials with smaller band gaps.
In an effort to advance the understanding of the extent and
nature of D-A effects in conjugated materials, the current study
reports the preparation and study of a series of symmetrical and
asymmetrical dimers consisting of combinations of traditional
donors, traditional acceptors, and ambipolar TP units, with
particular focus on understanding how the inclusion of
ambipolar units influence such D-A effects.

Results and discussion

Oligomer Design and Synthesis

The chosen oligomers were designed such that a comparative series
could be developed to evaluate the differences between both
symmetrical dimers (i.e. D-D, A-A) and the various asymmetrical
analogues expected to exhibit D-A behaviour. Of critical importance
was that the corresponding conjugation length was held constant
throughout the series, such that conjugation length effects did not
distort the evaluation of D-A interactions when comparing properties
between the various oligomers. Thus, all monomeric species were
selected such that each building block only contributed a single
aromatic ring to the conjugated backbone of the oligomer. At the same
time, the corresponding donor and acceptor units needed to be strong
enough to ensure significant D-A effects. The selected monomeric
units were thus 3,4-ethylenedioxythiophene (EDOT)%13 for the tradi-
tional donor, benzo[c][1,2,5]thiadiazole (BTD)*%4! for the traditional
acceptor, and 2,3-dihexylthieno[3,4-b]pyrazine as the ambipolar TP
unit (Fig. 2). It should be pointed out that the dialkyl TP analogue was
chosen over the unfunctionalized parent due to the fact that the
parent TP is less stable during redox processes than its functionalized
analogues,>333 and thus the choice was to avoid any potential
complication from this issue of redox stability. In addition, the inclusion
of the longer side chains would ensure that solubility would not be an
issue for oligomers combining two fused-ring monomeric units.

The symmetrical dimers BTD-BTD and EDOT-EDOT were then
prepared via various homocoupling methods*243 (Scheme 1), while
the remaining members of the chosen oligomeric series were prepared
by Stille cross-coupling® as outlined in Schemes 1 and 2. The TP-TP
dimer was prepared as previously reported.3® Although the inter-
mediate stannyl-TP 4 could be isolated and purified, this cost a
substantial loss in yield due to the high reactivity of 4. Because of this,
4 was produced and used without isolation, in a manner similar to that
previously utilized for the production of TP-TP.38

The resulting dimers were all isolated as relatively stable solids,
with the more electron-rich systems (EDOT-EDOT, EDOT-TP, TP-TP)
exhibiting reduced environmental stability in comparison to the
more electron-deficient species. To limit complications when dealing
with the more reactive TP-TP dimer, the exterior a-positions were
blocked with trimethylsilyl groups (i.e., TMS) to enhance stability. It
has been previously shown that the TMS group contributes little to
no effect to the corresponding optical or electronic properties.38

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1. Synthesis of model dimers of benzo[c][1,2,5]thiadiazole (BTD) and 3,4-
ethylenedioxythiophene (EDOT).
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Fig. 3. Face (A) and edge (B) ellipsoid plots of EDOT-BTD at the 50% probability level.

X-ray crystallography

In order to evaluate potential D-A effects on the dimer
geometries, efforts were undertaken to obtain single crystals of
EDOT-BTD, EDOT-TP, and TP-BTD. Although these efforts were
unsuccessful for the TP-based dimers, EDOT-BTD has been
successfully crystallized and its determined structure is shown
in Fig. 3. Selected bond distances and angles for EDOT-BTD are
given in Table 1, along with those for thiophene*> and BTD*¢ for
comparison. The oligomer EDOT-BTD crystallizes in the mono-
clinic space group P2:/c, with four molecules per unit cell. As
expected, the dimer adopts an anti-configuration such that the
fused rings are oriented on opposite sides of the conjugated
backbone. Although the BTD unit is completely planar, there is
an 18° rotation along the interannular bond such that the EDOT
unit is slightly out of plane.

Comparing the structural parameters of EDOT-BTD to that
of thiophene (Table 1) reveals very close agreement between
the EDOT unit and thiophene, indicating little change to the
EDOT unit upon coupling to the strong electron-acceptor BTD.
In comparison to BTD, however, EDOT-BTD does exhibit some
small changes in the six-membered ring of the BTD unit. These
changes are largely limited to reducing the extent of bond
localization within the six-membered ring, resulting in bond
lengths more representative of benzene itself. With the excep-

tion of the C(8)-C(9) bond fusing the two rings of BTD, the bond
lengths are all in relatively good agreement with the terminal
phenyl groups of 2,5-diphenylthiophene.*”

Of particular interest is the nature of the interannular bond
C(4)-C(7). As discussed above, some have proposed that the D-
A interaction provides a new resonance form exhibiting double
bond character between the donor and acceptor units and
contributions of this new resonance form would lead to
reduced

Table 1 Selected Experimental Geometric Parameters of EDOT-BTD, thiophene, and BTD.
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Scheme 2. Synthesis of thieno[3,4-b]pyrazine (TP)-based model dimers.
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Parameter EDOT-BTD thiophene’ BTD"
S(1)-C(1) 1.716(6) 1.714 -
S(1)-C(4) 1.735(6) 1.714 -
c(1)-c(2) 1.354(8) 1.370 -
C(2)-C(3) 1.411(8) 1.423 -
C(3)-C(4) 1.376(8) 1.370 -
C(4)-C(7) 1.469(8) - -
C(7)-C(8) 1.425(8) - 1.448
C(7)-C(12) 1.376(8) - 1.310
C(8)-C(9) 1.451(8) - 1.418
C(9)-C(10) 1.406(9) - 1.459

C(10)-C(11) 1.363(8) - 1.310

C(11)-C(12) 1.421(8) - 1.478
N(1)-C(8) 1.347(8) - 1.342
N(1)-5(2) 1.614(5) - 1.606
S(2)-N(2) 1.624(6) - 1.613
N(2)-C(9) 1.351(7) - 1.323

C(1)-S(1)-C(4) 92.9(3) 92.17 -
S(1)-C(1)-C(2) 110.9(5) 111.47 -
C(1)-C(2)-C(3) 113.4(5) 112.45 -
C(2)-C(3)-C(4) 113.7(6) 112.45 -
S(1)-C(4)-C(3) 109.1(5) 111.47 -
S(1)-C(4)-C(7) 122.7(4) - -
C(4)-C(7)-C(8) 122.1(6) -
C(7)-C(8)-C(9) 120.5(6) - 118.04
N(1)-C(8)-C(9) 112.8(5) - 114.41
N(1)-S(2)-N(2) 101.2(3) - 101.39
S(2)-N(2)-C(9) 106.2(4) - 106.24
C(8)-C(9)-C(10) 121.0(5) - 119.69
C(9)-C(10)-C(11) 117.5(6) - 119.55
C(10)-C(11)-C(12) 121.8(6) - 121.09
C(11)-C(12)-C(7) 123.4(5) - 120.60
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a Ref. 45. b Ref. 46.

bond length alternation and thus a lowering of the band gap. Of
course, the contribution of such a resonance form should be
evidenced by a shortening of the interannular bond between the
donor and acceptor corresponding to greater double-bond char-
acter. The C(4)-C(7) bond length, however, is 1.469 A, which is far
closer to the length of a non-conjugated single bond (ca. 1.52 A)
than a typical C=C bond (1.35 A).%8 In fact, this bond is actually
longer than the equivalent bond between thiophene and ben-
zene in 2,5-diphenylthiophene (1.439 A).47 The lack of any dis-
cernible double bond character in the interannular bond of EDOT-
BTD, along with the 18° twist between the donor and acceptor
units, casts doubt upon the theory that such D-A interactions
results in a new resonance form and thus reduced bond length
alternation. In fact, at least from this example, the D-A effects
appear to have little to no impact on the physical structure.

Intramolecular Effects on Dimer Structures

Although no observed modulation of the interannular bond is
found in EDOT-BTD, other intramolecular interactions between
the individual units of the asymmetric dimers do play a role in
determining structural aspects such as backbone planarity and
preferred conformational orientation. For EDOT-BTD, this in-
cludes hydrogen-bonding between the C-H in the 5-position of
the BTD unit (i.e., C12) and the adjacent oxygen of the EDOT unit
(Fig. 4). The C~O distance here is 2.916 A (estimated H~O distance
of 2.267 A), with a corresponding C-H~O angle of 124.8°. Although
this interaction exhibits limited linear character, this is likely a
constraint of the dimer geometry, rather than an indication of
marginal strength. Nevertheless, both the angle and C~O distance
fall within the previously defined parameters for C-H+O hydrogen
bonds.#950 In fact, the C--O distance falls within the values charac-
teristic of a significant interaction (2.70-3.50 A)*® and is shorter
than the majority of such documented C-H~O hydrogen bonds
(i.e. 3.0-4.0 A).50 Lastly, it should be noted that the interannular
twist observed in the EDOT-BTD crystal structure may be the
result of maximizing the interaction of the hydrogen bond with
the oxygen lone pair that does not lie within the plane of the
aromatic rings.

Although the TP-BTD dimer lacks X-ray structural data,
support for an analogous C-H-N hydrogen bond>%>2 (Fig. 4) can
be found in the large downfield shift for the hydrogen at the 5-
position of the BTD unit (9.38 ppm in comparison to 8.03 ppm for
the isolated BTD unit). It has been previously reported that such
C-H-~N interactions result in a shift of ca. 0.5-1 ppm,>3-55 with the
shift increasing with the strength of the hydrogen bond.>3 Thus,
the 1.35 ppm shift observed for TP-BTD is indicative of an
especially strong C-H~N hydrogen bond, which is further support-
ed by a density functional theory (DFT)-calculated bond distance

H13Cs
/T \_ 2267A 7\
(o] N

0.° .
@/124'8 TP-BTD )

CeH13
2.230 A (calc)
@127.5" (calc)

EDOT-BTD 7\
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Fig. 4. Intramolecular interactions observed in EDOT-BTD and TP-BTD. The DFT-
calculated values for TP-BTD have been computed at the B3LYP/6-311G** level.

of 2.230 A between the BTD hydrogen and the TP nitrogen, with a
corresponding C-H-N angle in TP-BTD of 127.5°. In comparison, the
analogous downfield shift observed in the NMR for EDOT-BTD is only
0.30 ppm, which is consistent with the fact that nitrogen is generally a
more effective hydrogen acceptor than oxygen.>! Overall, these NMR
results support the fact that these intramolecular hydrogen bonds are
not limited to the solid-state structures and also play a role in solution.

In addition to the hydrogen bonding interactions, EDOT-BTD
exhibits a S~N contact between the S of the EDOT thiophene and the
closest N of the BTD. This SN contact exhibits a distance of 2.898 A
(less than the sum of the van der Waals radii at 3.35 A%) with a C-S-N
angle of 163.3°. Such SN contacts have been previously observed for
thiazole species, although with longer contacts (3.064-3.241 A).57.58
Although there is no experimental evidence of this S~N contact in TP-
BTD, DFT calculations give a short SN contact of 2.857 A and the close
structural/electronic similarities of the two thiophene rings would
suggest that such a S~N contact likely plays a role in TP-BTD as well. In
fact, it is likely that the combination of the two intramolecular
attractions accounts for the quite strong energetic preference for the
trans orientation of the two fused rings as determined by DFT
calculations.’

Absorption properties

Photophysical data for dimer series are given in Table 2 and UV-vis
spectra of the three asymmetric D-A dimers with their respective
symmetrical dimers are shown in Fig. 5. The first triad of spectra given
in Fig. 5A represents the stereotypical D-A combination, with EDOT and
BTD as the respective donor and acceptor units. Here, the D-A
combination results in a significant red shift as expected with the low
energy absorbance assigned as an ICT transition. This D-A dimer also
exhibits a higher energy n—n* transition of greater intensity, which is
consistent with the two-band absorbance commonly seen in D-A

This journal is © The Royal Society of Chemistry 20xx
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Table 2 Photophysical data for the dimer series of EDOT, TP, and BTD units.?

a Measured from dilute CHCI3 solutions in 1 cm quartz cuvettes. ? Ref. 38.
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Fig. 5. UV-vis spectra of the symmetrical and asymmetrical model dimers in CHCl;.

frameworks.2! Although the absorption of the symmetrical dimer of
EDOT is as expected, it is interesting to see here that the analogous
dimer of BTD does exhibit a lower energy absorption consistent with
an ICT transition. Although not observed in the BTD monomer itself,
the biphenyl backbone of the BTD dimer provides increased conjuga-
tion and greater donor character. The ICT nature of this transition was
verified by observed solvatochromism in the associated emission
spectra (see SI) and can be assigned to a transition from the biphenyl
backbone to the electron-deficient thiadiazole rings, as also verified by
TD-DFT calculations (see SI).

The second triad of spectra given in Fig. 5B represents combina-
tions of the traditional donor EDOT with the ambipolar unit TP. Here,
the asymmetric EDOT-TP combination results in a significant red shift
similar to the previous conventional D-A example, which again would
be as assigned as an ICT transition. In comparison to EDOT-BTD,
however, the energy of this transition occurs at even lower energy,
most likely due to the combined donor ability of both the EDOT and TP

This journal is © The Royal Society of Chemistry 20xx
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units, which should result in a substantially higher energy HOMO level.

Compound )\.;';sx (nm) eMtcm™) f
EDOT-EDOT 296 9000
307 10900
320 15400 0.50
335 13200
BTD-BTD 308 21600
316 28600 0.31
363 9100 0.16
EDOT-BTD 287 17400 0.35
306 15300 0.48
319 15400
409 6600 0.11
EDOT-TP 260 13300 0.36
306 17800 0.33
456 5000 0.11
TP-BTD 274 12300 0.20
284 12700
316 16200 0.17
435 6000 0.13
TP-TP? 257 21800 0.57
304 17000 0.32
503 7300 0.15

Replacement of the EDOT unit with another ambipolar TP unit gives an
even greater shift to lower energy, as seen for TP-TP. While the donor
contributions of EDOT and TP should be similar, the TP dimer would
add acceptor contributions from both units, thus resulting in a
stabilized LUMO and the observed lower energy transition.

The final triad given in Fig. 5C represents combinations of the
ambipolar unit TP with the traditional acceptor BTD. Here, the asym-
metric TP-BTD combination results in an ICT transition that is slightly
blue-shifted in comparison to the previous EDOT-TP, but still occurs at
lower energy than the conventional D-A example of EDOT-BTD. This can
be attributed to similar HOMO levels for both TP-BTD and EDOT-BTD,
with the ambipolar-acceptor combination providing acceptor
contributions from both units and thus a more stabilized LUMO. Again,
the symmetrical TP-TP dimer gives the lowest energy ICT transition.
Across the full dimer series, the low energy peaks assigned as ICT
transitions exhibit oscillator strengths (f) of 0.11-0.16 (Table 2),
consistent with the reduced allowedness of such transitions.>®
Interestingly, calculated TD-DFT electronic excitations reproduced
reasonably well the experimental absorption spectra evolution from the
symmetric dimers to their respective asymmetrical D-A dimers (see Sl).

Electrochemistry

In order to determine the relative energies of the corresponding
frontier orbitals, the electrochemistry of the oligomer series
was investigated by cyclic voltammetry (CV). The collected
electrochemical data for the full series is given in Table 3 and
representative voltammograms are shown in Fig. 6. As typical of
thiophene-based oligomers, all species exhibited an irreversible
oxidation assigned to the oxidation of the conjugated backbone.
For the bulk of the oligomers here, the irreversible nature of the
oxidation is attributed to the formation of thiophene-based
radical cations that undergo rapid coupling to produce higher
oligomeric species. However, as the BTD-BTD dimer does not

J. Name., 2013, 00, 1-3 | 5
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contain a thiophene moiety, it is believed that in this case,
oxidation generates a phenylene-based radical cation that can
also undergo coupling in a similar manner.

The ability of the ambipolar TP to act as a donor has been
previously determined to be on par with that of the convention-

Table 3 Electrochemical data for the dimer series of EDOT, TP, and BTD units, along with the corresponding DFT-calculated HOMO and LUMO energies.

Compound Epa (V)° Ex (V)° AE (mV) HOMO (ev) LUMO (eV)

Exp? B3LYP* ©B97° Exp® B3LYP* ©B977

EDOT-EDOT 0.49 -5.44 -5.08 -6.69 -1.01 0.89
BTD-BTD 1.58 -1.68 60 -6.56 -6.28 -7.88 -3.50 -2.83 -0.98
EDOT-BTD 0.91 -1.76 80 -5.80 -5.62 -7.49 -3.45 -2.50 -0.53
EDOT-TP 0.49 -1.88 70 -5.43 -5.18 -6.68 -3.30 -2.18 -0.38
TP-BTD 0.93 -1.70 220 -5.85 -5.70 -7.13 -3.55 -2.78 -1.03
TP-TPf 0.50 -1.83 110 -5.45 -5.26 -6.58 -3.40 -2.60 -0.91

avs. Ag/Ag+. P Evomo = —(Efonsetoxvs. Fe+/Fc] + 5.1)(€V), Ref. 60. ¢ B3LYP/6-311G** 9 optimally tuned ®B97/6-311G**. € ELumo = — (E[onsetred vs. Fes/fc] + 5.1)(eV), Ref. 60. f Ref. 38.
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TP-BTD

T
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T T T T T T T T T 5
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Fig. 6. Cyclic voltammograms of BTD-BTD, TP-BTD and TP-TP (0.1 M BugNPFgin CH3CN).

T
-2000

al donor EDOT.38 This view of its relative donor strength is
further supported here with the oxidation of EDOT-EDOT,
EDOT-TP, and TP-TP occurring at nearly identical potentials. In
the same way, replacement of EDOT with TP in TP-BTD again
give very similar potentials of oxidation.

Comparing the conventional D-A pair EDOT-BTD with the
corresponding symmetrical dimers of EDOT or BTD shows that
the HOMO energy of EDOT-BTD is not a simple average of the
energies of the other two. Rather, the HOMO of EDOT-BTD is
higher than the calculated average, which is consistent with the
common view that the HOMO of D-A combinations is more
characteristic of the donor unit. However, it is still clear that the
acceptor unit also contributes significantly to the HOMO,
although to a lesser extent.

In addition to the characteristic irreversible oxidation, all
dimers besides EDOT-EDOT also exhibit a quasireversible reduc-
tion. This reduction is attributed to either the BTD acceptor unit,
the electron-deficient pyrazine ring of the TP unit, or various
combinations of these in those dimers containing multiple BTD
and/or TP units. This assignment is supported by the fact that
the only dimer not exhibiting this reduction is also the only one
without either BTD or TP content, and by the fact that the
reduction of EDOT-TP occurs at a similar potential (within ca.
100 mV) to that of the isolated TP monomer.33 As those dimers
containing two electron-deficient units (BTD-BTD, TP-BTD, TP-
TP) exhibit reductions at lower negative potential than either
EDOT-BTD or EDOT-TP, it is viewed that the dimer LUMO in
those cases must be the result of hybridization of the two
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electron-deficient units, thus resulting in additional stabili-
zation. This is further supported by the fact that the observed
reduction potentials track with the corresponding combined
acceptor strengths, as demonstrated in Fig. 6.

DFT Calculations

DFT calculations were then used to gain further insight into the
nature and relative energies of the frontier orbitals in the various
dimeric combinations investigated above. With the exception of
BTD-BTD and EDOT-BTD, all calculated structures were fully
planar. The deviations in planarity for the two exceptions were
either due to steric effects (BTD-BTD) or competing

intramolecular interactions (EDOT-BTD) as discussed above (see
Sl for the calculated interannular torsional angles). The calculated
frontier molecular orbitals for the symmetrical dimers are given

EDOT-EDOT

BTD-BTD

TP-TP

= ) d
Fig. 7. Frontier molecular orbital topologies (isovalue surface 0.03 a.u.)
symmetrical D-D and A-A dimers, calculated at the B3LYP/6-311G** level.

for the

in Fig. 7, which depict HOMOs primarily localized to the
conjugated bithienyl or biphenyl backbone in all cases. As to be
expected, the LUMO for the EDOT dimer was again localized
within the conjugated backbone, although the other two cases
exhibited fully delocalized LUMOs that fully encompassed the
electron-deficient rings. As such, this is in full agreement with the

This journal is © The Royal Society of Chemistry 20xx
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experimentally determined ICT transitions for BTD-BTD and TP-
TP, with such charge transfer absent in EDOT-EDOT.

The calculated frontier molecular orbitals of asymmetrical
D-A dimers are given in Fig. 8, which again depict HOMOs
primarily localized to the conjugated backbone. The
delocalization of the HOMO across both units again reinforces
the fact that the donor unit alone does not dictate the HOMO,
even if its contribution is greater than that for the acceptor unit.

EDOT-BTD

EDOT-TP

S
o

TP-BTD

Fig. 8. Frontier molecular orbital topologies (isovalue surface 0.03 a.u.)
asymmetrical D-A dimers, calculated at the B3LYP/6-311G** level.

for the
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Fig. 9. DFT-calculated (B3LYP/6-311G**) frontier orbital energy levels for combinations
of EDOT and BTD.

In the case of both of the EDOT-containing dimers, the LUMO is
mainly localized on either the BTD or TP unit, thus supporting
the common view that the LUMO is localized on the acceptor in
D-A systems. For the final TP-BTD dimer, however, the LUMO is
delocalized across both units, with slightly more contribution
from the more electron-deficient BTD unit. As with the cases of
BTD-BTD and TP-TP, such delocalization supports the previously
proposed view that the LUMO results from hybridization of
both electron-deficient units in these cases.

This journal is © The Royal Society of Chemistry 20xx
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The frontier molecular orbital energies for the monomers
EDOT and BTD, along with their dimeric combinations, were then
calculated and are plotted in Fig. 9. One of the first things revealed
here is that the energy diagram for the conventional D-A pair
EDOT-BTD (shown in the central box) looks very little like the
numerous pictorial representations given in the literature to
account for the reduced bandgap in D-A systems.19,20,22,61,62

While most literature representations usually show equiva-
lent mixing of the HOMO and LUMO, the LUMO levels are typical-
ly too energetically and spatially separated to see substantial
mixing in the initial D-A dimer, particularly in the cases of strong
acceptors.® This is in fact the case here in which the LUMO of
EDOT-BTD is essentially unchanged from the BTD monomer,
which is also consistent with highly localized LUMO of EDOT-BTD
given in Fig. 8. Secondly, while the HOMO-LUMO energy of the D-
A pair is certainly lower than that of either the D-D or A-A pair,

1+ -
) . D=EDOT

0+ ’ ~
-1 N

24

T —_—

4.07 eV LUMO
3.00 eV 266 eV
HOMO
e

’
-

.34

4

Energy (eV)

-5

-6

~

TP-TP TP

7]

D DD D D-TP TP

Fig. 10. DFT-calculated (B3LYP/6-311G**) frontier orbital energy levels for combinations

of EDOT and TP.
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24
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2
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Fig. 11. DFT-calculated (B3LYP/6-311G**) frontier orbital energy levels for combinations
of TP and BTD.

the greatest reduction in energy is in comparison to the D-D pair,
with only modest reduction in comparison to the A-A pair. Of
course, as D-A systems are most often compared directly to their
analogous donor homopolymers, this tends to inflate the overall
effect of the D-A framework.

The effect of using the ambipolar TP as the acceptor in a D-A
pair can then be seen in the analogous molecular orbital energy
diagram for combinations of the monomers EDOT and TP, given
in Fig. 10. At first glance, Fig. 10 looks quite similar to Fig. 9,
particularly in terms of the LUMOs, which again exhibits no real
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mixing in the asymmetric D-A pair. However, the very similar
donor strengths of EDOT and TP results in nearly equivalent
HOMO levels for all three dimeric combinations, all in excellent
agreement with the electrochemical data previously given in
Table 3. The fact that the asymmetric EDOT-TP pair does not
effectively result in destabilization of the HOMO, coupled with
the isolated LUMO on the TP (and thus no LUMO stabilization),
actually results in an increase in HOMO-LUMO energy in
compari-son to the symmetric TP-TP dimer. This trend in HOMO-
LUMO energies and the destabilized LUMO of EDOT-TP in
comparison to TP-TP are both in good agreement with the
absorption and electrochemical data given in Fig. 5 and Tables 2
and 3.

Finally, the effect of using the ambipolar TP as the primary
donor in a D-A pair can then be seen in the energy diagram given
in Fig. 11 for combinations of TP and BTD. As the donor strength
of TP has already been established to be similar to that of EDOT,38
it is not surprising that the HOMO energies shown in Fig. 11 are
nearly the same as those given in Fig. 9. Unlike the previous cases,
however, the inclusion of acceptor properties in both monomer
units allows complimentary monomer LUMOs of suitable
energies, thus allowing mixing to produce a D-A unit with a de-
localized LUMO. As such delocalization also results in stabilization
of the D-A LUMO energy, the resulting HOMO-LUMO energy of
TP-BTD is reduced in comparison to the analogous EDOT-BTD (Fig.
9). Again, the trends in both the calculated orbital energies and
the resulting HOMO-LUMO separations are in excellent
agreement with the previous absorption and electro-chemical
data given in Tables 2 and 3, as well as illustrated in Fig. 5 and 6.

Experimental methods

Unless noted, all materials were reagent grade and used without
further purification. Benzo[c][1,2,5]thiadiazole,%* 2-bromo-3,4-ethyl-
enedioxythiophene (5),5> 2,3-dihexylthieno[3,4-b]pyrazine,333> and
2,2',3,3'-tetrahexyl-7,7'-bis(trimethylsilyl)-5,5'-bis(thieno[3,4-b] pyra-

zine) (TP-TP)38 were prepared as previously described. Commercial
EDOT was dissolved in hexanes, dried with MgSQ,, filtered and the
solvent removed by rotary evaporation. The dried EDOT was then
stored cold under N; in order to minimize any unwanted impurities via
oxidative coupling. The Pd complexes tris(dibenzylideneacetone)di-
palladium(0) (Pd(dba)s), dichloro[1,2-bis(diphenylphosphino)ethane]-
palladium(ll) (Pd(dppe)Cl,), and dichloro[1,2-bis(diphenylphosphino)-
ethane]palladium(ll) (Pd(dppp)Cl,) were stored in a desiccator to re-
duce any advantageous water content. Dry tetrahydrofuran (THF) and
toluene were obtained via distillation over sodium/ benzophenone.
Dry CH3CN was obtained via distillation over CaH,. N,N-Dimethyl-
formamide (DMF) was dried by passing through a silica plug. Zinc
powder was cleaned with a dilute hydrochloric acid solution prior to
use. All glassware was oven-dried, assembled hot, and cooled under a
dry nitrogen stream before use. Transfer of liquids was carried out
using standard syringe techniques and all reactions were performed
under dry N,. Chromatographic separations were performed using
standard column chromatography methods with silica gel (230-400
mesh), unless otherwise stated. Melting points were determined using
a digital thermocouple with 0.1 °C resolution. *H and 13C NMR spectra
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were recorded in CDCl; on a 400 MHz spectrometer and referenced to
the chloroform signal. HRMS (ESI-TOF) was performed in house.

4-Bromobenzol[c][1,2,5]thiadiazole (1). The following is a
modification of previously reported methods.®® BTD (1.98 g,
14.5 mmol) was added to 145 mL of 47% HBr and the mixture
was heated to reflux with stirring. Bromine (0.75 mL, 14.5
mmol) was then added dropwise. After addition, the heating
was continued for 1 h, water was added, and the organic phase
was extracted with chloroform. The organic layers were
combined, dried with MgS0O,, and concentrated by rotary
evaporation to give a solid powder. The crude mixture was then
purified via steam distillation®” resulting in the isolation of a
mixture of 1 and unreacted BTD. Recrystallization of this
mixture in methanol gave 1 as a white powder (35-40% yield).
mp 78.1-78.8 °C (lit.66 80-81°C). 'H NMR: & 7.98 (dd, J=0.8, 8.8
Hz, 1H), 7.85 (dd, J = 0.8, 7.2 Hz, 1H), 7.49 (dd, J = 7.2, 8.8 Hz,
1H). 13C NMR: 6 154.6, 153.4, 132.0, 130.0, 120.9, 114.4.

4,4’-Bis(benzo|c][1,2,5]thiadiazole) (BTD-BTD). The following is
a modification of previously reported methods.#? Zinc powder
(0.38 g, 5.7 mmol), Ni(dppp)Cl, (0.607 g, 1.12 mmol), and
BusNBr (0.122 g, 0.378 mmol) were added to 10 mL of THF and
stirred under N,. Compound 1 (0.830 g, 3.86 mmol) was then
added and the mixture was heated at reflux for 6 h. The solvent
was removed under reduced pressure and the crude product
was purified via silica chromatography with CH,Cl; as the eluent
to give a light yellow solid (85-90% yield). mp. 240.4-241.4 °C
(Iit.68 240-241 °C). 1H NMR: & 8.27 (dd, J = 1.0, 7.0 Hz, 2H), 8.12
(dd, J = 1.0, 8.8 Hz, 2H), 7.81 (dd, J = 7.0, 8.8 Hz, 2H). 13C NMR:
6 155.5, 153.6, 130.8, 130.0, 129.5, 121.7. NMR data agree well
with previously reported values.6870

2,2’-Bis(3,4-ethylenedioxythiophene) (EDOT-EDOT). The follow-
ing is a modification of previously reported methods.*3 EDOT
(1.02 g,7.18 mmol) was dissolved in 20 mL dry THF, after it was
stirred while evacuating and backfilling with N, three times. The
solution was then cooled to -78 °C and Buli (3.0 mL, 2.5 M) was
added dropwise over a span of 10 min, keeping the temperature
below -70 °C. Once the BulLi was completely added, the mixture
was warmed to 0 °C and stirred for 2 h. Anhydrous CuCl; (1.415
g, 10.5 mmol) was then added and the mixture stirred for 18 h.
The solution was then filtered, and solvent removed under
reduced pressure. The crude product purified via silica
chromatography with CH,Cl,-hexanes (1:1 v/v) as the eluent to
yield 0.44 g of a white solid (43% yield). mp.212.1-213.1 °C (lit.”*
183-185 °C). 'H NMR: & 6.29 (s, 2H), 4.35 (ddd, J = 1.9, 5.3, 6.2
Hz, 4H), 4.26 (ddd, J = 1.9, 5.3, 6.2 Hz, 4H). 13C NMR: 6 141.2,
137.0, 109.9, 97.5, 65.0, 64.6. NMR data agree well with
previously reported values.*3

4-(3,4-Ethylenedioxythiophen-2-yl)benzo[c][1,2,5]thiadiazole
(EDOT-BTD). EDOT (0.21 mL, 2.0 mmol) was dissolved in dry THF
(80 mL) and cooled to -78 °C in an acetone-dry ice bath. BulLi
(0.88 mL, 2.5 M in hexanes, 2.2 mmol) was added and the
mixture stirred for 30 min. MesSnCl (2.2 mL, 1.0 M in THF, 2.2
mmol) was then added and stirred for 30 min. The mixture was
then allowed to warm to room temperature and stirring was
continued for an additional 2 h. The reaction was then concen-
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trated by rotary evaporation to give intermediate 3, which was
used directly without isolation or further purification. Com-
pound 1 (0.43 g, 2.0 mmol), Pdz(dba)s (0.037 g, 2 mol%), and
P(o-tolyl)s (0.049 g, 8 mol%) were then added to the flask and
placed again under N,. Toluene (60 mL) was added and the
solution was heated to 98 °C for 20 h. Water was then added
and the organic phase was extracted with CHCl3. The organic
layers were combined, dried with MgS0O4, and concentrated by
rotary evaporation. The crude product was then purified via
silica chromatography with an ethyl acetate-hexane (5:95 v/v)
mixture as the eluent, to give an orange crystalline product (85-
90% yield). mp. 78.1-78.8 °C. *H NMR: 6 8.33 (dd, J=7.1, 1.0 Hz,
1H), 7.86 (dd, J = 8.8, 1.0 Hz, 1H), 7.64 (dd, J = 8.8, 7.1 Hz, 1H),
6.59 (s, 1H), 4.42 (ddd, J= 2.3, 3.5, 6.3 Hz, 2H), 4.33 (ddd, J = 2.3,
3.5, 6.3 Hz, 2H). 13C NMR: & 155.3, 152.2, 141.7, 126.3, 126.1,
119.0, 113.3, 103.3, 65.0, 64.4. HRMS: m/z 298.9933 [M+Na]+
(calcd. for ClegNzNaOZSz 2989925)

2,3-Dihexyl-5-(trimethylstannyl)thieno[3,4-b]pyrazine (4). TP
(0.61 g, 2.0 mmol) was dissolved in dry THF (60 mL) and cooled
to -78 °C with an acetone-dry ice bath. BuLi (0.88 mL, 2.5 M in
hexanes, 2.2 mmol) was added and the mixture was stirred for
30 min. MesSnCl (2.2 mL, 1.0 M in THF, 2.2 mmol) was added
and stirring was continued for 30 min. The mixture was then
allowed to warm to room temperature and stirring was
continued for an additional 2 h. The solution was then concen-
trated by rotary evaporation and purified via a triethylamine-
deactivated silica gel column chromatography using 3% diethyl
ether in hexane (45% yield). 1TH NMR: 6 8.03 (s, 1H), 2.88 (t, J =
7.6 Hz, 2H), 2.86 (t, J = 7.6 Hz, 2H), 1.86 (p, J = 7.6 Hz, 2H), 1.77
(p, J = 7.6 Hz, 2H), 1.45-1.55 (m, 4H), 1.35-1.45 (m, 8H), 0.91 (t,
J=7.1Hz, 3H), 0.90 (t, J = 7.1 Hz, 3H), 0.49 (s, 9H). 13C NMR: &
155.8, 149.1, 142.8, 131.0, 122.1, 179.8, 35.7, 34.9, 31.9, 31.7,
29.5,29.1, 28.4, 27.0, 22.7, 22.6, 14.1(1), 14.0(6), -7.9.

5-(3,4-Ethylenedioxythiophen-2-yl)-2,3-dihexylthieno|[3,4-b]-

pyrazine (EDOT-TP). TP (0.61 g, 2.0 mmol) was dissolved in dry
THF (60 mL) and cooled to -78 °C with an acetone-dry ice bath.
BuLi (0.88 mL, 2.5 M in hexanes, 2.2 mmol) was added and the
mixture was stirred for 30 min. Me3SnCl (2.2 mL, 1.0 Min THF, 2.2
mmol) was added and stirring was continued for 30 min. The
mixture was then allowed to warm to room temperature and
stirring was continued for an additional 2 h. The reaction was
then concentrated by rotary evaporation to give intermediate 4,
which was used directly without isolation or further purifi-cation.
Compound 5 (0.49 g, 2.2 mmol), Pd(dppe)Cl, (0.12 g, 10 mol%),
and Cul (0.038 g, 10 mol%) were then added to the flask and
placed again under N,. Toluene (60 mL) was added to the flask
and the solution was heated at 98 °C for 20 h. Water was then
added and the organic phase was extracted with CHCls. The
organic layers were combined, dried with MgS0,4, and con-
centrated by rotary evaporation. The crude product was then
purified via silica chromatography with an ethyl acetate-hexane
(5:95 v/v) mixture as the eluent, to give an orange crystalline
product (50-55% yield). mp. 81.7-82.4 °C. 'H NMR: 7.58 (s, 1H),
6.42 (s, 1H), 4.44 (ddd, J = 2.1, 5.0, 6.5 Hz, 2H), 4.30 (ddd, J = 2.1,
5.0, 6.5 Hz, 2H), 2.93 (t,J = 7.1 Hz, 2H), 2.88 (t,J = 7.1 Hz, 2H), 1.99
(p,J=7.1Hz, 2H), 1.77 (p, J = 7.1 Hz, 2H), 1.55-1.25 (m, 12H), 0.91
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(t,J=7.1Hz,3H),0.90 (t,/= 7.1 Hz, 3H). 3C NMR: & 159.6, 156.6,
146.7, 141.2, 138.2, 133.2, 115.9, 111.7, 100.6, 65.4, 64.7, 35.6,
35.0, 32.0, 31.7, 29.7, 29.4, 28.2, 27.0, 22.7, 22.6, 14.2, 14.1.
HRMS: m/z 445.1968 [M+] (calcd C24H32N,0,S, 445.1983).
4-(2,3-Dihexylthieno[3,4-b]pyrazin-5-yl)benzo|[c][1,2,5]thiadia-
zole (TP-BTD). Intermediate 4 was prepared as described for
EDOT-TP above. Compound 1 (0.43 g, 2.0 mmol), Pd,(dba)s; (0.037
g, 2 mol%), and P(o-tolyl)s (0.049 g 8 mol%) were then added to
the flask and placed again under N». Toluene (60 mL) was added
to the flask and the solution was heated to 98 °C for 20 hours.
Water was then added and the organic phase was extracted with
CHCls. The organic layers were combined, dried with MgSQO,4, and
concentrated by rotary evaporation. The crude product was then
purified via silica chromatography with an ethyl acetate-hexane
(5:95 v/v) mixture as the eluent, to give an orange crystalline
product (80-85% yield). mp. 102.9-103.5 °C. 1H NMR: 9.38 (dd, J =
0.9, 7.3 Hz, 1H), 7.99 (s, 1H), 7.94 (dd, J = 0.9, 8.7 Hz, 1H), 7.76
(dd, J = 7.3, 8.7 Hz, 1H), 3.00 (t, J = 7.5 Hz, 2H), 2.93 (t, J = 7.7 Hz,
2H), 1.96 (p, J = 7.5 Hz, 2H), 1.83 (p, J = 7.7 Hz, 2H), 1.60-1.35 (m,
12H), 0.94 (t, J = 7.1 Hz, 3H), 0.92 (t, J = 7.0 Hz, 3H). 13C NMR: &
156.4, 155.9, 155.3, 152.4, 142.5, 139.7, 130.2, 128.1, 127.0,
126.8, 119.6, 117.8, 35.6, 35.3, 31.9, 31.7, 29.5, 29.2, 28.2, 27.5,
22.7, 22.6, 14.2, 14.1. HRMS: m/z 439.1981 [M+] (calcd
C24H30N4S; 439.1990).

X-ray Diffraction

X-ray quality crystals of 1 and EDOT-BTD were obtained by vapor
diffusion with diethyl ether as the solvent and methanol as the anti-
solvent. The X-ray intensity data of the crystals were measured at
either 273 or 100 K on a CCD-based X-ray diffractometer system
equipped with a Cu X-ray tube (A = 1.54178 A) operated at 2000 W of
power. The detector was placed at a distance of 5.047 cm from the
crystal. Frames were collected with a scan width of 0.3° in ® and
exposure time of 10 s/frame and then integrated with the Bruker
SAINT software package using an arrow-frame integration algorithm.
The unit cell was determined and refined by least-squares upon the
refinement of XYZ-centeroids of reflections above 206(1). The structure
was refined using the Bruker SHELXTL (Version 5.1) Software Package.

Crystal data for 1. CgH3BrN,S, M = 215.07, triclinic, a = 7.1075(10)
A, b=7.1970(12) A, c = 7.6350(10) A, v = 339.06(9) A3, T = 293.15 K,
space group P-1, Z =2, 6734 reflections measured, 1192 unique (Rint
= 0.0414) which were used in all calculations. The final wR, was
0.0769 (all data).

Crystal data for EDOT-BTD. C;,HsN>0,S,, M =276.32, monoclinic,
a=3.8786(6) A, b=21.357(2) A, c = 13.401(2) A, v=1103.4(3) A3, T
=100(2) K, space group P 121/c 1, Z =4, 6106 reflections measured,
1929 unique (Rine = 0.1397) which were used in all calculations. The
final wR, was 0.2239 (all data).

Theoretical Methodology

Calculations were performed at the density functional theory level
using the Gaussian 16 program package.’”? The time-dependent DFT
(TD-DFT) approach’374 was used to calculate the vertical electronic
excitation energies. All DFT and TD-DFT calculations were performed
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using the global hybrid B3LYP7>7¢ functional and the long-range
corrected ®B9777 functional with gap-tuned range-separation para-
meters using a procedure described in the literature,”® in conjunction
with the 6-311G** basis set.”280 For all model oligomers, the alkyl
groups were shortened to methyl groups to save computational time.
All geometrical parameters were allowed to vary independently apart
from planarity of the rings and no symmetry restrictions were applied.
On the resulting ground-state optimized geometries, harmonic
frequency calculations were performed at the same level of theory to
ensure finding the global minimum. Orbital pictures were produced
with Chemcraft software.8!

Absorption Spectroscopy

UV-vis spectroscopy was performed on a dual beam scanning UV-vis-
NIR spectrophotometer using samples prepared as dilute CHCl3
solutions in quartz cuvettes. Spectroscopy solvents were dried over
molecular sieves prior to use. Oscillator strengths were determined
from the visible spectra via spectral fitting to accurately quantify the
area of each transition and then calculated using literature methods.8?

Electrochemistry

All electrochemical methods were performed utilizing a three-
electrode cell consisting of platinum disc working electrode, a
platinum wire auxiliary electrode, and a Ag/Ag* reference electrode
(0.251 V vs. SCE).8 Supporting electrolyte consisted of 0.10 M
tetrabutylammonium hexafluorophosphate (TBAPFs) in dry CH3CN.
Solutions were deoxygenated by sparging with argon prior to each
scan and blanketed with argon during the measurements. All
measurements were collected at a scan rate of 100 mV/s. Eyomo and
Eiumo values were estimated from the onsets of the first oxidation or
reduction in relation to ferrocene (50 mV vs. Ag/Ag*), using the value
of 5.1 eV vs. vacuum for ferrocene.®

Conclusions

In an effort to advance understanding of the extent and nature
of D-A effects in conjugated materials, combinations of
traditional donors, traditional acceptors, and ambipolar TP units
were used to prepare a series of symmetrical and asymmetrical
dimers of equivalent conjugation length. Characterization via
structural, spectroscopic, and electrochemical methods, along
with DFT calculations, then revealed a number of important
points. For example, structural analysis found no support for the
common belief that D-A combinations result in double bond
character between the donor and acceptor units, thus resulting
in reduced bond length alternation. As such, the reduced
HOMO-LUMO energies in D-A systems appear to be primarily
due to the hybridization of the frontier orbitals of the
corresponding D and A units, with the LUMO usually localized
on the acceptor unit. While results support the view that the
donor is the dominant contributor to the HOMO, the acceptor
still fully contributes and thus the HOMO is typically delocalized
along the conjugated backbone. Due to the asymmetric nature
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of the HOMO vs. LUMO, ICT processes thus play important roles
in these frameworks as commonly invoked.

A primary goal of this study was to provide further insight into
the effect of ambipolar units in D-A frameworks, which has
revealed that the traditional D-A view is only appropriate when
limited to units without any ambipolar character. As shown here,
the strong donor character of the ambipolar unit TP would
dominate when paired with most traditional donors, resulting in
deviations from the accepted view of the D-A model. Even when
paired with a strong donor such as EDOT, the HOMO-LUMO
energy is increased compared to the TP-TP dimer. Of course, this
effect would be even greater for comparably weaker donors, in
which case the traditional donor would actually stabilize the D-A
HOMO, rather than the desired destabilization. It is this effect
that is believed to account for the reason that most TP-based D-
A polymers exhibit higher bandgaps than TP homopolymers.2!

Of particular interest, however, is the fact that the donor
abilities of ambipolar units do provide opportunities for their non-
traditional pairing with conventional acceptors. Comparison of
EDOT-BTD and TP-BTD shows that the replacement of EDOT by
TP results in essentially no change in the D-A HOMO, but a
decrease in HOMO-LUMO energy due to LUMO stabilization. As
such, this represents a completely new design paradigm for low
E; polymers via D-A frameworks, as recently demonstrated for
TP-A polymers with bandgaps of 0.97-1.07 eV.17.18

Overall, the results confirm that D-A frameworks can be a
powerful approach for the control of frontier orbitals and thus the
reduction of HOMO-LUMO and/or bandgap energies. With that
said, however, it is felt that the current understanding of D-A
effects in conjugated materials is insufficient, regardless of the
successful application of D-A frameworks to date. This is especially
true in terms of our understanding of the electronic nature of
building blocks applied to D-A frameworks and further character-
ization of common units is sorely needed, particularly for those
that may possess ambipolar character. Such knowledge is critical
to our ability to logically and purposefully design next-generation
materials with desired energetic levels for specific applications.
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