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polymers, the donors are oligothiophene units. Indeed,
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Abstract Donor-acceptor-donor (DAD) triad systems are commonly In recent years, we have introduced oligofurans (nF;
applied as active materials in ambipolar organic field-effect transistors, Scheme 1) as oligothiophene analogs that contain oxygen
organic solar cells, and NIR-emitting organic light-emitting diodes. (rather than sulfur) as the heteroatom.® Oligofurans tend to
Often, these triads utilize oligothiophenes as donors, whereas their be more reactive than oligothiophenes (for example, th
oxygen-containing analogs, oligofurans, are far less studied in this € more reactive a 0 _go 'Op enes (o e. d p7e, .ey
setup. Here we introduce a family of DAD triads in which the donors are can be used as the diene in Diels-Alder reactions),” which
oligofurans and the acceptor is benzothiadiazole. In a combined makes unsubstituted polyfurans generally unstable under
computational and experimental study, we show that these triads ambient conditions, and therefore not applicable for organic
display optical bandgaps similar to those of their thiophene analogs, electronics.8-11

and that a bifuran donor is sufficient to produce emission in the NIR Notwithstanding th d bacl licof h
spectral region. The presence of a central acceptor unit increases the otwithstanding these drawbacks, oligoturans show a

photostability of oligofuran-based DAD systems compared with parent number of advantages over their thiophene analogs. (i) They
oligofurans of the similar length. are more soluble,* which is a significant factor in their
processing, (ii) their crystal packing is more efficient, which
leads to better charge transport, and (iii) they are more rigid
and planar,® which improves their conjugation and enhan-
ces their fluorescence, both in terms of a lower Stokes shift
and in terms of a higher fluorescence quantum yield (QY).?

Key words m-conjugated materials, oligofurans, donor-acceptor—
donor triads
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(DAD) structure and low HOMO-LUMO gap are important . o " o™ 0 o~
electroactive and photoactive materials for applications in nF WE-BT n= 1‘;=H poly(1F-BT) R = n-hexyl
biochemical fluorescence technology,’? nonlinear optics,? DH-nF-BT R = n-hexyl

organic light-emitting diodes,>* organic field-effect transis-

tors (OFETs),> and photovoltaic cells. In many of these Scheme 1 Structures of nF-BT and poly(1F-ET).

© 2021. The Author(s). Organic Materials 2021, 3, 303-308
Georg Thieme Verlag KG, RiidigerstraBe 14, 70469 Stuttgart, Germany


http://orcid.org/0000-0002-2320-460X
http://orcid.org/0000-0001-7494-0677
http://orcid.org/0000-0002-7037-0563
mailto:ori.gidron@mail.huji.ac.il

304

THIEME

(o] \ELIMEICEILIM D. Ben Abba Amiel et al.

Oligofurans, such as 6F, have already been used successfully
in the fabrication of OFETs, and have shown field-effect
mobilities similar to those of their thiophene analogs.!?
Their greater planarity and rigidity (and consequently
better conjugation and charge delocalization) and their
stronger fluorescence also make them promising candidates
as the donor unit in DAD systems. Furthermore, as the
HOMO level is ca. 0.3 eV higher in nF compared with
analogous thiophenes, combining nF donors with suitable
acceptors in a DAD structure is expected to result in a lower
bandgap, leading to emission in the NIR spectral region.

Recently, a donor-acceptor (DA) polymer utilizing BT as
the acceptor unit and bifuran as the donor was synthesized
and shown to possess excellent ambipolar mobility.'* Such
polymers show great potential. However, very few have
been investigated. Consequently, many questions still
remain, such as the issue of the photostability of oligofurans
in DA systems, which is considered their “Achilles’ heel.”
Moreover, it is not yet clear how bandgap is affected by
backbone extension. Specifically, it is not known to what
extent furan units need to be extended to obtain the low
bandgap required for ambipolar properties and NIR
emission nor the number of units above which these
properties converge.

To answer these questions, we adopted a systematic
“oligomer approach.” Here, we introduce a series of DAD triads
with monofuran, bifuran, or terfuran as donors and BT as the
acceptor (nF-BT; Scheme 1). Our combined computational and
experimental investigation demonstrated that DAD systems
incorporating oligofuran donors exhibit bandgaps similar to
those of their thiophene analogs, which is in contrast with the
trend observed for parent furans, which exhibitaca.0.3-0.4 eV
larger bandgap compared with parent thiophenes. The HOMO
reaches saturation at 3F-BT, which exhibits properties similar
to those of poly(1F-BT). The nF-BT series displays fluorescence
in the red-NIR spectral region, with fluorescence quantum
efficiency ranging from 4% to 56%. Inclusion of the BT unit
significantly increases their stability; however, the compounds
are still prone to photo-oxidation, and stronger acceptors or
capping units should be considered in future.

Results and Discussion

To assess the contribution of oligofurans used instead of
oligothiophenes as donors in DAD systems, we performed a
computational investigation of the properties of nF-BT and
their thiophene analogs, nT-BT, at the DFT/B3LYP-6-311G(d)
level of theory. Figure 1 displays the HOMO and LUMO energies
and bandgaps of nF-BT and nT-BT. As the donor is extended
from 1F-BT to 3F-BT, the HOMO energy increases significantly
(by 0.55eV), while the LUMO energy remains almost
unchanged. As can be observed, unlike parent furans, which
exhibit ca. 0.3-0.4 eV higher HOMO-LUMO gaps compared
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Figure 1 The calculated (B3LYP/6-311(d)) HOMO (bottom) and LUMO
(top) energies (eV) and the HOMO-LUMO energy gap (center) of nF-BT
compounds and of the polymer poly(nF-BT). Bottom: HOMO and
LUMO orbitals of 3F-BT.

with thiophenes, the HOMO-LUMO gap for nF-BT is almost
identical to that of nT-BT. This can be explained by the higher
HOMO energy levels of oligofurans, which makes them better
donor units, soincreasing the efficiency of a DAD triad. In fact,a
3F-BT DAD triad exhibits a similar HOMO-LUMO gap to that of
poly(1F-BT) calculated at the PBC/B3LYP/6-311(d) level of
theory. The increase in HOMO energy with oligomer length is
due to furan ring conjugation along the chain. However, once
we expand the chain to a polymer, a significant decrease in the
LUMO energy is clearly visible, because of the increasing ratio
of acceptors to donors. The calculated HOMO-LUMO gap for
the polymer is 1.68 eV, which corresponds to a wavelength of
738 nm, indicating that such a polymer should have an
emission peak extending well within the NIR spectral range.
The calculated HOMO and LUMO orbitals are separated as
exemplified in Figure 1 for 3F-BT, indicating a clear charge
transfer nature for the lowest energy (n-mt*) transition.

Long conjugated systems are commonly functionalized
with alkyl substituents to render them soluble.'* We
therefore calculated derivatives of nF-BT substituted with
n-hexyl (H) groups at the terminal a-positions (DH-nF-BT).
The calculated energy levels show a decrease in the
HOMO-LUMO gap for all the hexyl-substituted assemblies
compared with the unsubstituted parent, with a greater
decrease observed for shorter oligomers. Upon alkyl
substitution, both the HOMO and LUMO energy levels
increase, but the increase is greater for the HOMO level,
resulting in an overall decrease in the HOMO-LUMO gap in
DH-nF-BT compared with nF-BT.

© 2021. The Author(s). Organic Materials 2021, 3, 303-308
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Scheme 2 Synthetic pathway for nF-BT and DH-nF-BT. NBS = N-
bromosuccinimide.

For the experimental component of this study, 1F-BT was
synthesized by Stille coupling of 2-tributylstannylfuran and
4,7-dibromobenzothiadiazole (DBr-BT; Scheme 2).> The
chain length was then extended via bromination with N-
bromosuccinimide (NBS) to afford DBr-1F-BT,'® followed by
additional Stille coupling to give 2F-BT as a dark red solid.!”
Additional bromination using the same method yielded DBr-
2F-BT, which was coupled again with 2-tributylstannylfuran
to produce 3F-BT. However, the product identified as 3F-BT
was almost completely insoluble, and therefore its structure
could not be confirmed using NMR.

To overcome the low solubility observed for 2F-BT and
3F-BT, we introduced hexyl-substituted derivatives of nF-BT at
the a-terminal positions (DH-nF-BT; Scheme 1).In addition to
increased solubility, such materials are expected to protect the
reactive a-positions in furans.® Moreover, it was previously
observed that a-hexyl-oligofurans displayed superior field-
effect mobility compared with the unsubstituted derivatives,
which was explained by the formation of an ordered layered
morphology.!? To this end, commercially available 2-hexyl-
furan was stannylated using n-butyllithium followed by the
addition of tributylstannyl chloride, resulting in 1 (Scheme 2),
which was then coupled with each of DBr-BT, DBr-1F-BT, and
DBr-2F-BT to produce DH-nF-BT (n = 1-3). As expected, the
hexyl-substituted products displayed better solubility, with
the main effect of substitution being a bathochromic shift in
their UV-vis absorption spectra.

To assess the potential of oligofuran-DAD materials for
optoelectronic applications, we investigated their photophys-
ical properties. Figure 2a displays the absorbance spectra of
DH-nF-BT hexane. Unlike their thiophene analogs, the
absorption spectra of DH-1F-BT and DH-2F-BT display
vibronic shoulders, an indication of their rigid structure.
Although the difference in the maximal absorbance wave-
length changes significantly from DH-1F-BT (E,°° = 2.26 eV,
calculated by onset of absorption) to DH-2F-BT
(E”® = 2.05 eV), it quickly converges, and DH-3F-BT
(E,® =198 eV) is only slightly bathochromically shifted
compared with DH-2F-BT. Whereas parent oligofurans always
display a larger bandgap (by ca. 0.3 eV) compared with
parent oligothiophenes, nF-BT displays bandgaps very similar
to those of nT-BT, so confirming the abovementioned trend in
calculated HOMO and LUMO energies. Attempts to perform
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" 400
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Figure 2 (a) Absorption in DCM. (b) Emission in DCM (dashed) and
hexane (solid) of DH-1F-BT, DH-2F-BT, and DH-3F-BT. Insets: vials
containing solutions of DH-nF-BT in DCM under ambient light (top) and
under 365 nm UV light (bottom).

cyclic voltammetry did not result in clear reversible peaks for
the longer DAD system, which is attributed to their low
solubility.

Substitution with hexyl groups results in bathochromic
shifts, observed in both the absorption and emission spectra
(Figure S23, see the Supporting Information, SI). The shift
ranges from 0.16 eV for 1F-BT to 0.08 eV for 2F-BT, while for
3F-BT there is no observable shift. This observation is in line
with our DFT (density functional theory) calculations,
which showed that the energy increase was larger for the
HOMO compared with the LUMO, resulting in an overall
decrease in the HOMO-LUMO energy gap. The calculated
HOMO-LUMO gaps are 0.14 eV for 1F-BT and 0.07 eV for
2F-BT. In contrast with the abovementioned monomer and
dimer, the hexyl-substituted terfuran DAD triad is slightly
blue-shifted in comparison with the non-substituted one.

The fluorescence of the nF-BT series is strongly
dependent on solvent polarity, as expected for a DAD
system, with a solvatochromic shift (Ae,) of 0.231 eV (from
594 nm to 668 nm) observed for 2F-BT (Figure 2b).

© 2021. The Author(s). Organic Materials 2021, 3, 303-308
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Table 1 Fluorescence quantum efficiencies (%) of nF-BT and DH-nF-BT
in various solvents

Compound Hexane DCM THF 1,4-Dioxane
1F-BT 52 29 42 37
DH-1F-BT 54 25 - 30

2F-BT 49 28 19 17
DH-2F-BT 37 7 - 18
DH-3F-BT 23 4 — -

Fluorescence quantum efficiency (QY) in DCM ranges from
5% for DH-3F-BT to 29% for 1F-BT (Table 1). As expected, QY
increases in a non-polar solvent (hexane) and reaches up to
54% (for 1F-BT). Although these values are significantly
lower than for the parent furans (which reach a value of 80%
for 4F), they are relatively high for DAD systems, which
suggests that nF-BT series members have potential as active
materials for light-emitting devices. In this respect, 2F-BT is
potentially interesting as an NIR-emitting material, with QY
of 28% in the NIR spectral range, while 3F-BT shows no
advantage over 2F-BT as an NIR emitter. Our data show that
bifuran is an ideal candidate for donor units in DAD systems,
as no significant advantage is seen with further extension to
terfuran, which significantly reduces the solubility. The
fluorescence lifetime for DH-nF-BT is in the range of
4.2-9.2 ns (Table 2), which is slow compared with parent
furans, as expected for DA systems. Overall, DAD triads of
oligofurans show similar photophysical properties as their
oligothiophene analogs, with the advantage of increased
solubility for the former.

To assess the properties of oligofuran-containing DA
polymers, we synthesized a polymer consisting of alternating
bifuran-BT units (poly(1F-BT); Scheme 1). Similar polymers
can be prepared electrochemically,>> but they are too
insoluble to be prepared chemically. To overcome this, we
used furan units substituted with n-hexyl at the B-positions.
The polymer was synthesized using Stille polymerization of
3,3'-dihexyl bifuran and BT, and was found to be soluble
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Figure 3 Photo-oxidation of 6F, 2F-BT, and poly(1F-BT) solutions in
DCM vs. time.

in DCM. The polymer displayed similar absorption pattern to
3F-BT, with slightly bathochromically shifted absorption
(556 nm)and emission (689 nm, Figure S22, see SI). However,
the electron-withdrawing BT units provided insufficient
stabilization, and the polymer rapidly photo-oxidized under
ambient conditions (Figure 3). As we have previously
prepared stable polyfurans consisting of bifuranimide-
repeating units,>®> we conclude that substitution of furans
with electron-withdrawing groups at the B (rather than o)
positions is necessary for their inclusion in stable polymers.

We recently found that capping furans [in an acceptor—
donor-acceptor (ADA) triad] or substituting them at the B-
position with electron-withdrawing groups can significantly
increase their stability toward photo-oxidation.>* However,
the photostability of DAD assemblies with terminal oligofurans
remains unknown. We therefore compared the stabilities of
nF-BT and parent furans using unsubstituted 6F as a
benchmark for photo-oxidation. Figure 3 shows that 6F
undergoes relatively rapid photo-oxidation, with absorption

Table 2 Photophysical properties of nF-BT and DH-nT-BT in DCM. The values for the corresponding thiophene analogs are given in parentheses

Compound Aabs (NM) Aem (M) EgP (eV)? St(?kes QY (%) Lifetime HOMC‘)) (eV) LUMOb(eV) Eq (eVg
shift (eV) (ns) (calc.) (calc.) (calc.)
1F-BT 450 (445)'8 564 (577)' 2.42 (2.40)"° 0.56 29 - —5.43 -2.70 2.73
DH-1F-BT 474 (469)%° 589 (603)%° 2.26 0.51 25 9.2 -5.13 —2.54 2.59
2F-BT 512 (502)%' 649 (611)'° 2.13 (2.20)* 0.51 28 - —5.04 -2.76 2.28
DH-2F-BT 527 (510) 668 (656)'* 2.05 (2.07)™ 0.50 7 4.2 —-4.86 -2.65 2.21
3F-BT 544 676 1.96 0.45 - - —-4.88 -2.79 2.09
DH-3F-BT 543 (533)™ 673 (672)' 1.98 (1.95)™ 0.44 4 4.2 —4.75 -2.72 2.03
poly(1F-BT) 556 689 1.80 0.43 - - —4.83 -3.15 1.68

?Calculated from the absorption onset.
bCalculated at the DFT/B3LYP-6-311G(d) level of theory.

© 2021. The Author(s). Organic Materials 2021, 3, 303-308
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decreasing by 15% after 75 min and by 63% after 24 h
(1440 min) under ambient conditions. In contrast, the
decomposition of 2F-BT is considerably slower, with a 6%
reductioninabsorption after 6 hand onlya 15% reduction after
24 h. These results indicate that the electron-withdrawing
properties of BT increase the overall stability of the 2F-BT
assembly toward photo-oxidation, as its decomposition rate is
significantly slower than that for 6F. However, the presence of
BT does not fully stabilize the molecule, as photo-oxidation is
observed after longer periods.

Conclusions

In this work, we investigated the nF-BT series of DAD
systems in which oligofurans serve as donors. We found that
their optical bandgap is similar to that of their thiophene
analogs, whereas their HOMO-LUMO gap decreases more
rapidly, owing to the better conjugation and donor
properties of oligofurans. Fluorescence in the NIR spectral
region is observed for systems in which bifuran is the donor
(2F-BT), with only a small decrease in the emission maxima
for terfuran (3F-BT). However, quantum efficiency is
significantly lower in 3F-BT, making 2F-BT an ideal
candidate in the series for NIR emitter. The addition of a
BT acceptor unit significantly increases the photostability of
nF-BT compared with parent furans. However, nF-BT are
less stable compared with ADA oligofurans and with
oligofurans substituted with electron-withdrawing groups
at their B-positions. This leads to the conclusion that while
the inclusion of bifuran induces strong fluorescence in DA
oligomers and polymers, either stronger acceptors or
capping units should be considered when designing
oligofuran-based systems.
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