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There has been much interest in developing electron transport
materials for organic semiconductor devices due to their poten-
tial to be applied in various technologies. For example, such
materials can be used to improve charge balance in the emis-
sive layer of an organic light-emitting diode, charge extraction
in perovskite solar cells or used as the semiconductor layer of
n-type organic field-effect transistors.

Typically, an electron transport material should have a high
electron mobility and a low-lying lowest unoccupied molecular
orbital (LUMO) relative to vacuum. This is achieved by using
electron-deficient units containing highly electronegative func-
tionalities such as cyano groups [1]. This is one of the key
advantages of organic electron transport materials compared
with inorganic materials — the molecular structures can be easily
tuned to achieve desired characteristics. The diversity of materi-
als used as electron transport layers is also an advantage,
meaning organic materials can be used effectively in a range of
applications. For example, while a non-fullerene acceptor mate-
rial might not be suitable as an electron transport layer in OPVs
due to dissolution of layers, it can used in perovskite solar cells
where it can be successfully deposited through orthogonal pro-

cessing.
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One of the biggest challenges with n-type materials is air
stability. This is explained by the redox potentials of water
(=0.66 V vs standard calomel electrode (SCE)) and oxygen
(+0.024 V vs SCE, +0.57 V vs SCE) [2,3]. Therefore, it has
been observed that once the overpotential required for these
redox reactions to progress is taken into consideration, a lowest
unoccupied molecular orbital (LUMO) energy < —4.0 eV (rela-
tive to vacuum) is required for air stable electron transport ma-
terials [2] and this is a common target for researchers devel-
oping these types of materials. In general, this restriction also
applies to n-dopants, compounds that reduce electron transport
materials, which are important for increasing the electrical
conductivity of n-type materials. However, there have been
elegant solutions developed to counteract this, where air-stable
dimers can be used which react with acceptors to produce
reducing radical species, capable of reducing organic electron

transport materials with a low electron affinity [4,5].

It is not only in modifying the molecular structure to improve
the electron accepting ability that there is innovation in new
organic electron transport materials. One of the potential bene-
fits of organic semiconductors is the ability to use solution-pro-

cessing techniques, which are more sustainable than thermal

672


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:joseph.cameron@glasgow.ac.uk
mailto:peter.skabara@glasgow.ac.uk
https://doi.org/10.3762/bjoc.20.60

evaporation which is wasteful and requires high vacuum and
temperature. Moreover, organic electron transport layers do not
typically need treatment at the high temperatures required for
metal oxide formation for example. However, making materials
solution-processable can result in a trade-off in device perfor-
mance and materials should be applicable to orthogonal pro-
cessing to allow for solution-based fabrication of multilayer
devices. Additionally, researchers should consider minimising
the environmental footprint of the solvents and materials used
in these processes. These challenges require novel approaches
but there have already been some inspired works. For example,
Wolfe et al. showed cathode interlayer materials can be de-
veloped to be soluble in ethyl acetate, a green solvent, and solu-
tion-processed for PM6:Y6 bulk-heterojunction solar cells with
power conversion efficiency > 13% [6]. In addition to orthogo-
nal processing, it has been shown that treatment with base [7] or
photo-crosslinking [8] can insolubilise solution-processed
layers and allow for the construction of efficient, solution-
processed devices.

It is exciting to see how much of the work establishing n-type
organic semiconductor materials for OFETs, for example, is
now being applied to emerging technologies such as organic
electrochemical transistors. In this case, materials might be
modified with polar side chains [9], instead of the use of alkyl
groups [10], and this allows for improved ion transport. A simi-
lar strategy has been used to improve the doping of n-type
thermoelectric materials, where polar side chains on fullerene
materials allow for better miscibility of the dopant [11] and
therefore improved electrical conductivity. The overlap of
desired characteristics for materials used in OECTs and organic
thermoelectrics shows that there is a lot to be gained from the

design of new electron transport materials.

Whilst there are challenges still to be overcome in developing
materials for emerging technologies, researchers working on
these issues should take inspiration from the rapid progress that
was achieved in the development of non-fullerene acceptor ma-
terials as a replacement for PCg;BM and PC7BM in organic
solar cells which revitalised the research field as a result. This
serves as a reminder that careful molecular design and thor-
ough examination of the performance of electron transport ma-
terials can lead to unprecedented performance and move

towards enabling important technologies.

We are delighted to act as guest editors for a collection of
papers tackling many different aspects relating to organic elec-
tron transport materials from leaders across the world from this
research community. We hope that these excellent works can
act as inspiration for researchers looking to develop new materi-

als or implement these in devices. We give our thanks to all the
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authors for their great contributions to this Thematic Issue and
we thank the staff from the Beilstein-Institut for their support.
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Organic thermally activated delayed fluorescence (TADF) materials have been widely investigated due to their impressive elec-

tronic properties and applied potential for the third generation of organic light-emitting diodes (OLED). We present organic TADF

material (4BGIPN) based on the strained benzoguanidine donor and compare it with the benchmark carbazole-based material

(4CzIPN). Extended m-conjugation in 4BGIPN material results in yellow-green luminescence at 512 nm with a fast radiative rate

of 5.5 x 107 s7! and a photoluminescence quantum yield of 46% in methylcyclohexane solution. Such a nitrogen-rich 4BGIPN

material has a significantly stabilized highest occupied molecular orbital (HOMO) at —6.4 eV while the lowest unoccupied molecu-

lar orbital (LUMO) at —4.0 eV, indicating potential suitability for application as the electron transport layer or TADF class 111

emitter in OLEDs.

Introduction

Thermally activated delayed fluorescence (TADF) is a photolu-
minescence mechanism where excitons undergo thermally-
assisted reverse-intersystem crossing from an excited triplet
state to a higher-lying in energy singlet state to emit delayed
fluorescence [1-3]. Organic TADF emitters have gained sub-
stantial attention in recent years for their prospective applica-
tion in organic light-emitting diodes (OLEDs), photocatalysis,
bioimaging, and sensors [4-6]. The ability to harvest both

singlet and triplet excitons enable organic TADF emitters to
compete with classic phosphorescent emitters that employ
scarce metals such as iridium and platinum [7-9]. Since its first
report in 2012 by Uoyama et al., 1,2,3,5-tetrakis(carbazol-9-yl)-
4,6-dicyanobenzene (4CzIPN) has been a benchmark TADF
emitter due to its high quantum yields and excellent perfor-
mance in OLED devices [1]. 4CzIPN is a donor—acceptor-type

system where carbazole donor ligands are bound to the benzo-
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nitrile acceptor core moiety. In this work we have substituted
the carbazole donors with SH-benzo[d]benzo[4,5]imidazo[1,2-
alimidazole (benzoguanidine) ligands to give 4BGIPN, see
Figure 1. Benzoguanidine has an extended m-conjugation com-
pared with carbazole and is more nitrogen-rich (three N-atoms
vs one in carbazole). Thompson et al. recently reported a series
of carbene-metal-amide (CMA) (metal = Cu, Ag, Au) emitters
employing a benzoguanidine ligand [10]. The extended m-conju-
gation of benzoguanidine induced a larger hole—electron separa-
tion resulting in a smaller energy gap between the excited
singlet and triplet states (S and T;) and AEgT resulting in faster
radiative rates. This study aimed to synthesize and explore the
luminescent properties of the 4BGIPN material containing a

rigid benzoguanidine ligand in its molecular structure.

Results and Discussion

Synthesis and structure

4BGIPN was prepared in 70% yield by aromatic nucleophilic
substitution reaction from 2,4,5,6-tetrafluoroisophthalonitrile
and 5H-benzo[d]benzo[4,5]imidazo[1,2-a]limidazole
(benzoguanidine) after deprotonation the latter with sodium
hydride base. The compound shows poor solubility in most
common organic solvents with moderate solubility in dichloro-
methane, 1,2-dichlorobenzene and dimethyl sulfoxide (DMSO).
Compound 4BGIPN was characterized by high-resolution mass
spectrometry (HRMS), elemental analysis, and 'H/'3C NMR
spectroscopy. Proton NMR shows a complicated set of overlap-
ping multiplets indicating that the reaction results in the forma-
tion of various isomers (rotamers) which are different by rela-
tive orientation of the benzoguanidine donor moieties with
respect to each other (Figure 2, see Supporting Information
File 1 for NMR). In DMSO-dg solution, 4BGIPN isomers do
not show interconversion even upon warming to 120 °C, result-

ing in a similar set of signals. Excellent fit between HRMS and

&0
o
(okss

4BGIPN
this work

Beilstein J. Org. Chem. 2023, 19, 1289-1298.

elemental analysis further supports the formation of the
isomeric mixture of 4BGIPN as evidenced by the identical mo-
lecular peak ion and C, H, N values within acceptable deviation
of 0.4%. The decomposition temperature (Tg, corresponds to
5% weight loss) was measured by thermogravimetric analysis
(TGA) indicating excellent thermal stability for 4BGIPN with
T4 = 425 °C, which is similar to the benchmark material
4CzIPN, having a Ty in the range of 402-449 °C (T4 range is
dependent on the type of the 4CzIPN polymorph) [11,12].
Differential scanning calorimetry (DSC) shows an endothermic
process in the range of 237 to 265 °C which can be associated
with the glass transition temperature (T) for the isomeric mix-
ture of 4BGIPN. This is expectedly higher than the analogous
Tg of 176 °C for the 4CzIPN material [13] due to a lower mo-
lecular mass of the latter (Figure S1, Supporting Information
File 1).

Single crystals for X-ray diffraction study were obtained by
slow layer diffusion of hexanes into dichloromethane solution
for 4BGIPN at room temperature (Figure 2). The title com-
pound crystallizes with two independent molecules in the unit
cell of the triclinic (P—1, Figure 2c, yellow plates) and mono-
clinic chiral space group P2y (Figure 2a,b,d, yellow blocks).
Due to very weak reflection data, the structure of 4BGIPN in
triclinic form was refined in isotropic model, therefore, we do
not discuss in detail the structural parameters. We only note that
both forms are not due to the polymorphism but rather due to
rotational isomerism of the 4BGIPN material, i.e., different ori-
entation of the benzoguanidine donor ligands above or below
the central 4,6-dicyanobenzene ring. In the monoclinic form the
two independent molecules of 4BGIPN are related by a pseudo
glide plane that do not completely align when superimposed
through a glide operation. There is no evidence for systematic

absences relating to the presence of a glide plane in the data

4CzIPN
benchmark TADF emitter
Adachi, 2012 [1]

Figure 1: The molecular structures of the title compound 4BGIPN and the benchmark TADF emitter 4CzIPN.
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Figure 2: Crystal structure for compound 4BGIPN in monoclinic form ((a) top view and (b) side view) where black arrows show opposite orientation of
the benzoguanidine moieties around the central benzene ring. Representative example for the torsion angle o is shown in red; (c) Crystal structure for
compound 4BGIPN in triclinic form; (d) packing diagram with key geometrical parameters and intermolecular contacts shown as a cyan dashed line;
(e) possible isomers for 4BGIPN material. Ellipsoids are shown at the 50% level where hydrogen atoms are omitted for clarity.

supporting the refinement in the chiral P2 space group. The
structure was refined as a two-component inversion twin; the
crystal structure as a whole is a racemic mixture of both orienta-
tions. The Cyenzene—Nbenzoguanidine bond length varies within the
error of the experiment from 1.402(5) to 1.420(5), giving an av-
erage of 1.407(13) A for 4BGIPN, which is closely similar to
1.405(8) A reported for the benchmark 4CZIPN compound.

Unlike carbazole, the benzoguanidine ligand lacks C, rota-
tional symmetry, thus enabling the benzoguanidine ligands to
project above and below the plane of the central benzene ring.
In both molecules in the asymmetric unit, the benzoguanidine
moiety bound to the benzene carbon neighboring two nitrile
groups, is orientated in the opposing projection about the plane
of the benzene ring to the remaining benzoguanidine moieties
(Figure 2b). Unlike monoclinic, the triclinic form of 4BGIPN
possesses two donor moieties pointing down at C1 and C3 car-
bon atoms while donor moieties at C2 and C5 are pointed up
(Figure 2c). Several possible 4BGIPN rotational isomers are
demonstrated in Figure 2e, however, not isolated in this work.
Compound 4BGIPN possesses a twisted orientation between
the donor (benzoguanidine) and acceptor (benzonitrile) ligands
(Figure 2) due to steric hindrance imposed by benzoguanidine
ligands and reflected by the torsion angle (a) laying in the range
of 42.5(2)-64.3(2)°. We compared it with the more narrow
torsion angle range of 55.1(2)-60.2(2)° for 4CzIPN thus indi-

cating that various carbazole donor ligands possess a very simi-
lar twist orientation [12]. The donor—acceptor twist angle has
been demonstrated to be one of the key structural parameters
enabling fast radiative rates for purely organic TADF materials
since it’s directly related with the overlap integral between
HOMO and LUMO orbitals and influences the energy differ-
ences between first singlet and triplet excited states [14]. There-
fore, we expect a marked difference in the photophysical prop-
erties for 4BGIPN, vide infra.

Analysis of the intermolecular interactions revealed that
4BGIPN molecules experience face to face intermolecular m—r
stacking interactions between the benzoguanidine moieties sim-
ilar to 4CzIPN (reported by Etherington et al., [12]). The aver-
age interplanar distance for close neighbor benzoguanidine
moieties in 4BGIPN is 3.322(3) A, which is significantly
shorter (0.4 A) than the 3.74(3) A average distance between
nearest neighbor carbazole ligands in 4CzIPN, indicative for

much stronger intermolecular interactions.

Cyclic voltammetry was used to analyze the redox behavior of
4BGIPN in THF solution containing [n-BuyN]PFg as support-
ing electrolyte (Figure 3, Table 1). The reduction wave has a
quasi-reversible character with the £/, at —1.50 V, which is
260 mV shifted to higher potential when compared with
4CzIPN (-1.76 V) under similar conditions in THF [15]. Com-
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Table 1: Formal electrode potentials (peak position Ep, for irreversible and E1» for quasi-reversible processes (*), V, vs FeCpy), onset potentials (E, V,
vs FeCpy), peak-to-peak separation in parentheses for quasi-reversible processes (AEp, in mV), Eqomo/ELumo (€V) and band gap values (AE, eV) for

the redox changes exhibited by 4BGIPN.2

Complex Reduction E\ umo
eV
E1st Eonset red
-1.50
4BGIPN (167) -1.41 -3.98

Oxidation Evomo AE
eV eV

E1 st Eonset ox
+1.25 +1.01 -6.40 2.42

ln THF solution, recorded using a glassy carbon electrode, concentration 1.4 mM, supporting electrolyte [n-BusN][PFg] (0.13 M), measured at
0.1 V s~1. PCalculated according to Eromo = —(Eonset ox Fo/For + 5-39) and ELumo = —(Eonset red Fo/Fos + 5.39) €V.

4BGIPN (THF)

-2.0

-1.0

-05 00 05 10 15
E vs FeCp,, (V)

-1.5

Figure 3: Full range cyclic voltammogram for 4BGIPN. Recorded
using a glassy carbon electrode in THF solution (1.4 mM) with
[n-BugN]PFg as supporting electrolyte (0.13 M), scan rate 0.1 Vs~

pounds 4BGIPN and 4CzIPN experience a reduction process at
the benzonitrile core (see, the LUMO isosurface in Figure 6,
vide infra). Therefore, the higher reduction potential for
4BGIPN suggests that the benzonitrile core has a lower elec-
tron density, which is likely associated with extended m-conju-
gation and two additional electron withdrawing aza-type
nitrogen atoms in the benzoguanidine moieties. This explains
the ca. 0.2 eV more stabilized LUMO energy level for com-
pound 4BGIPN compared with 4CzIPN. Both 4CzIPN and
4BGIPN exhibit an irreversible oxidation wave observed at
+1.25 V for 4BGIPN in THF and +0.94 V for 4CzIPN in
MeCN [15]. A higher oxidation potential (Ep) for 4BGIPN
compared with the 4CzIPN corroborates with the electron defi-
cient nature of the benzoguanidine moiety thus making it harder
to oxidize compared with the more electron-rich carbazole
moiety. This results in stabilization of the HOMO energy level
at —6.4 eV for 4BGIPN. Significant stabilization for both
HOMO and LUMO energy levels indicates the potential suit-
ability of 4BGIPN material for application not only as emitter

in the emitting layer but also as an electron transport layer in the
fabrication of OLEDs.

Photophysical properties and theoretical

considerations

UV-vis and photoluminescence (PL) spectra for 4BGIPN are
shown in Figure 4 and Figure 5 while data in various media is
collected in Table 2 and Table 3, respectively. UV—vis absorp-
tion spectra of 4BGIPN show a strong m—m* intraligand transi-
tion (IL, benzoguanidine) at 290 nm with & = 42000 M~ !cm™!.
Unlike 4CzIPN, we do not observe any vibronically resolved
carbazole absorption peaks which are commonly present at
325 nm [15]. Similar to 4CzIPN [14,15], the UV-vis profile
has two broad regions: localized charge transfer (1°CT) over
320-380 nm region with € up to 14000 M~! cm™! and a delocal-
ized charge transfer (9¢CT) broad shoulder over the region of
ca. 380-460 nm with € up to 1900 M~! cm™! (Table 2). Both
1oCT and 9¢CT bands are observed for the benchmark material
4CzIPN [16] while originating from HOMO to LUMO transi-
tion in line with the theoretical calculations (Tables S1, S3, and

S4, Supporting Information File 1). All CT bands experience a

g 40k UV-vis for 4BGIPN ]
S 35k - DCM ]
= —— THF

3 30k Toluene

a‘:‘J 25k - Cyclohexane| |
(0]

8 20k - ]
5

5 15k - ]
£

£ 10k - |
(0]

& 5k - ]
[e]

= 0

400 450 500

Wavelength, nm

300 350 550

Figure 4: UV—-vis absorption spectra for compound 4BGIPN in various
solvents.
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Table 2: UV-vis data for compounds 4BGIPN and 4CzIPN [15,17] in various solvents.

Aabs [nM], (103 &/M-1 cm™1)

DCM THF
436 sh (1.5) 435 sh (1.8)
4BGIPN 358 (9.5) 357 (14.2)
448 (7) [15] 438 (8) [15]
4CzIPN A 8

very weak solvatochromic effect with increasing solvent
polarity from cyclohexane to dichloromethane. This indicates
only minor change of the dipole moment upon vertical excita-
tion from S( (6.4 D) to S; (7.2 D) excited states according to the
TD-DFT theoretical calculations (Table S2, Supporting Infor-
mation File 1).

4BGIPN
MCH Solution

(300 nm ex)

Normalised Intensity a.u.

O 1 T T T T T
400 450 500 550 600 650

Wavelength, nm

700

4BGIPN
Zeonex 0.1 wt%
Em - 295K
Em-77K
(380 nm ex)

Normalised Intensity a.u.

O T T T T T T
400 450 500 550 600 650 700

Wavelength, nm

toluene cyclohexane
439 sh (1.4) 439 sh (1.9)
358 (10.4) 358 (10.5)
441 (6) [15]
375 [17] N/A

The photoluminescence (PL) characteristics of 4BGIPN have
been studied in methylcyclohexane solution (MCH, concentra-
tion 3.2 x 107 M) and Zeonex polymer films (0.1% concentra-
tion by weight) at 298 K and 77 K, which is shown in Figure 5
with data collected in Table 3. Compound 4BGIPN exhibits a
featureless yellow CT-type luminescence with A .« = 525 nm

3
. LE(donor) ~———4BGIPN 380 nm
1 1=18s CT  |MCH Solution (77K)
.  Steady PL
(:;- After 1.8 ms
NG = After 720 ms
§
o)
€  |'LE(donor)
3 1=13ns
R
‘©
£
9
zZ
0 IA T T T T
400 450 500 550 600 650
Wavelength, nm
0
10 Sl ' e 4BGIPN
4 Phopshore'scence in Zeonex 0.1%
0107 4o
o L
E.52] ® |
5 10 : '
i s . ® , TADF+ phosphores¢ence
w107 3 L ' E
o . °
E 10—4_ . i
b — [ ] °
2 : S TADF
L 10-5 B LI J
* 'Y °
10® ; : ; - —r—9
50 100 150 200 250 300

Temperature, K

Figure 5: Photoluminescence spectra for 4BGIPN at 295 and 77 K in (top left) MCH solution; (bottom left) Zeonex 0.1 wt % films; (top right) steady
state and delayed PL in frozen glass MCH at 77 K with delays of 1.8 and 720 ms; (bottom right) excited state lifetime at various temperatures in the

range from 16 to 296 K.
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Table 3: Photophysical properties of 4BGIPN in various media at 296 and 77 K.

Aem (NM) T [0} ke Knr 1LESLE/CT Aem T
(ns) (%)2 (105s™1)b (105 s1)° (ev)? (nm)
methylcyclohexane (MCH) solution 296 K 77K
4BGIPN 512 13 (50%) 46 (Ny) 5.48 6.43 3.12/2.73/2.70 405 ('LE); 13 ns
1666 (50%) (18 air) 470 (3LE); 18s
530 (3CT) 126 (36%) s
1038 (64%) us
0.1 wt % Zeonex matrix 296 K 16 K
4BGIPN 517 12 (35%) 39 2.56 4.0 —/—/2.66 498 4.35 (31%) ms

2023 (75%)

36.8 (37%) ms
212 (32%) ms

aAbsolute quantum yields determined using an integrating sphere; Pradiative rate constant k; = ®/7; °nonradiative constant kn, = (1 — ®)/7; CT/LE
energies based on the onset values of the emission spectra blue edge at 77 K and 295 K.

that is 44 and 25 nm red-shifted compared to 4CzIPN (Ajax =
481 and 500 nm in Zeonex and MCH, respectively) [12]. The
solution photoluminescent quantum yield (PLQY) of 4BGIPN
is 46% under inert atmosphere and decreases down to 18% in
aerated MCH solution. The reduction in quantum yield on expo-
sure to oxygen is due to quenching of the triplet excited states
indicating a TADF luminescence mechanism. PLQY in Zeonex
films is 39% in air, which is lower than the PLQY of 87% re-
ported for 4CzIPN [17].

The two-component excited state lifetime with prompt and
delayed fluorescence is characteristic for the TADF-type lumi-
nescence [1]. The excited state lifetime of 4BGIPN has a biex-
ponential decay with a prompt fluorescence T, = 13 ns and a
delayed fluorescence 14 = 1655 ns components in MCH solu-
tion. Zeonex films of 4BGIPN exhibit a similar prompt
Tp = 12 ns, but an almost two-fold longer delayed fluorescence
Tq = 2.4 ps when compared to MCH solution. The archetype
material 4CzIPN possesses a similar prompt fluorescence com-
ponent of 8 ns, whereas a delayed component is nearly ten-
times longer, 8.9 and 8.8 ps, in MCH and Zeonex films, respec-
tively [12]. These measurements correlate well with lower
PLQY values for 4BGIPN compared with 4CzIPN, thus indi-
cating that the use of a larger benzoguanidine donor ligand may
open more nonradiative processes. This is reflected in the larger
distribution in the torsion angles for 4BGIPN compared with
4CzIPN, vide supra.

We collected steady state luminescence and PL after long time
delays for 4BGIPN at 77 K to further support the assignment of
the TADF mechanism and attempt to characterize LE and CT
triplet states. The emission profiles experienced minor

narrowing upon cooling to 77 K, while the PL profile remained

broad and featureless (Figure 5) in Zeonex matices. Notably, a
frozen MCH glass exhibits a new vibronically resolved compo-
nent at 405 and 470 nm, together with a broad CT profile. The
first resolved high-energy PL component at 405 nm (Figure 5
top right) has a lifetime of 13 ns, which we assigned to singlet
locally excited fluorescence ('LE) from the benzoguanidine
donor ligand. The second high-energy PL. component at 470 nm
becomes visible only after a long-time delay (720 ms, see
Figure 5 black profile), therefore, we ascribed it to a phospho-
rescence from a higher lying 3LE state localized on a donor
benzoguanidine moiety. Unlike 'LE-fluorescence, 3LE-phos-
phorescence has a very long lifetime of 1.8 s. Excitation spec-
tra of the broad and resolved bands for 4BGIPN in MCH glass
at 77 K (Figure S4, Supporting Information File 1) follow a
mirror image rule when compared with emission spectra
showing both broad and resolved components, thus supporting
the assignments of the 3CT and 3LE(donor) excited states. The
excited state lifetime of the broad CT component has a multiex-
ponential decay with averaged lifetimes of 0.7 ms in MCH glass
and up to 212 ms in Zeonex films, which we assigned as phos-
phorescence from a 3CT state. A more than 100-fold increase in
radiative lifetime on cooling to 77 K is characteristic for the
organic TADF emitters [1]. Upon cooling Zeonex matrices of
4BGIPN from 296 K to 16 K (Figure 5), the excited state life-
time shows an order of magnitude increase down to 60 K. How-
ever, only marginal increase of lifetime measured in the range
of 60 to 16 K indicating a phosphorescence PL nature below
60 K.

The charge transfer singlet (!CT) and local excited singlet
(LE), triplet (LE) state energies were estimated from the onset
values of the blue emission edge of the PL spectra at 295 K for
ICT and 720 ms delayed PL at 77 K for 3LE, respectively
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(Figure 5 and Table 3). It was expected to have a large energy
difference between the states of similar character (LE) but dif-
ferent multiplicity, i.e., 'LE singlet state is 3.12 eV whereas
3LE state is 2.73 eV. The energy of the singlet !CT state
(2.70 eV) is only 0.03 eV lower compared to the energy of the
3LE state. Therefore, we ascribe compound 4BGIPN to the
class III TADF material where the 3LE is higher in energy than
the manifold of the CT states as shown on Figure 6 [18]. The
energy difference between singlet and triplet excited states is
—0.03 eV for AE|ct1.3Lg- Such small energy AEgT values
further support the assignment of the TADF mechanism for the
compound 4BGIPN. Theoretical results (Tables S3 and S4,
Supporting Information File 1) support our experimental obser-
vations, suggesting that low energy triplet states (T, T, and T3)
possess a mixed CT/LE character with an energy difference up
to 0.2 eV to the first singlet state S;. At the same time, class III
TADF (E3Lg > Ect) [19] and class II TADF materials
(EsLE = Ect) [20] are reported to have shorter excited state life-
times compared with class I TADF materials, for instance
4CzIPN (AE|ct-3Lg = +0.09 eV [12]). The short 1.6 micro-
second excited state lifetime for 4BGIPN (regardless of some-
what lower PLQY) is in line with those reported for other
TADF class III systems [19]. We have been unable to resolve

/Singlet state 81\

HONTO LUNTO

So

S, ('CT)
2.68 eV
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the 3LE state for 4BGIPN in Zeonex matrices regardless of nu-
merous efforts and cooling the films down to 16 K and applying

long time delays.

Conclusion

We have synthesized and characterized a donor—acceptor-type
thermally activated delayed fluorescent emitter 4BGIPN with
four terminal benzoguanidine donor moieties surrounding the
benzonitrile acceptor core. We found that the material is formed
as a mixture of the rotational isomers that do not experience
interconversion upon heating the 4BGIPN solution in DMSO to
120 °C. Two rotational isomers were successfully crystallized
to show different up and down orientations of the benzoguani-
dine donor ligands around the central 4,6-dicyanobenzene core.
Unlike the 4CzIPN compound, the 4BGIPN emitter can crys-
tallize in a chiral P2 space group due to the parallel and
antiparallel orientation of the benzoguanidine donors with
respect to each other, lack of C; rotational symmetry and ex-
tended m-conjugation. The twisted structure of the 4BGIPN
ensures that the donor groups accommodate the highest occu-
pied molecular orbital (HOMO) while the acceptor 4,6-
dicyanobenzene moiety contains the lowest unoccupied molecu-
lar orbital (LUMO) and is supported by the TD-DFT calcula-

3.04 eV

T, (3LE donor)

T, (*CTALE)
—— T, (3CTALE)
2610y T1(CTALE)

/ Triplet state T,
HONTO LUNTO

i

;)\

\ ( Triplet state T, \ [

HONTO LUNTO

Triplet state T, ™\
HONTO LUNTO

Figure 6: Energy state diagram and natural transition orbitals HONTO and LUNTO for compound 4BGIPN in excited Sq, T4, T2 and T3 states calcu-

lated from the crystal So geometry.
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tions. A comparison of the electronic parameters between
benchmark 4CzIPN and new 4BGIPN materials revealed that
benzoguanidine acts as a weaker donor ligand compared with
carbazole, resulting in greater stabilization of the HOMO
energy level down to —6.4 eV rather than LUMO. The signifi-
cant stabilization of both HOMO and LUMO energy levels,
along with multiple electron-withdrawing aza-nitrogen atoms in
the structure of 4BGIPN, suggests its potential suitability as an
electron transport layer in OLED (organic light-emitting diode)
devices. Variable temperature photoluminescence studies
revealed that 4BGIPN corresponds to the class III TADF
system (E3Lg > EjcT1), while having a small energy difference
between singlet and triplet excited states of —0.03 eV for
AE | c1.31E- Theoretical calculations support that the first three
triplet excited states possess a mixed CT/LE character while
benzoguanidine singlet 'LE state is up to 0.4 eV higher in
energy than the singlet 'CT state. The high quantum yields of
up to 46% indicate that the yellow-green 4BGIPN emitter
shows a high promise as a platform for developing bright
4BGIPN-TADF class III type compounds with unity PLQY.
Future works may benefit in isolating a particular isomer that
could show superior photophysical TADF characteristics impor-
tant for fabricating TADF OLED devices with improved oper-
ating stability.

Experimental

General considerations

All reactions were performed under a N, atmosphere. Solvents
were dried as required. Sodium hydride was washed from
mineral oil with diethyl ether and dried prior to use.
SH-Benzo[d]benzo[4,5]imidazo[1,2-a]imidazole (benzoguani-
dine) was obtained according to the literature protocol [10]
while 2,4,5,6-tetrafluoroisophthalonitrile was purchased from
Fluorochem Ltd. and used as received. 'H and 13C{!H} NMR
spectra were recorded using a Bruker AVIII HD 500 MHz
NMR spectrometer. '"H NMR spectra (500.19 MHz) and
13C{H} (125.79 MHz) were referenced to dichloromethane-d»
at 8 5.32 (13C, § 53.84). All electrochemical experiments were
performed using an Autolab PGSTAT 302N computer-con-
trolled potentiostat. Cyclic voltammetry (CV) was performed
using a three-electrode configuration consisting of a glassy car-
bon macrodisk working electrode (GCE) (diameter of 3 mm;
BASI, Indiana, U.S.A.) combined with a Pt wire counter elec-
trode (99.99%; GoodFellow, Cambridge, U.K.) and an Ag wire
pseudoreference electrode (99.99%; GoodFellow, Cambridge,
U.K.). The GCE was polished between experiments using
alumina slurry (0.3 um), rinsed in distilled water and subjected
to brief sonication to remove any adhering alumina microparti-
cles. The metal electrodes were then dried in an oven at 100 °C
to remove residual traces of water, the GCE was left to air dry

and residual traces of water were removed under vacuum. The
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Ag wire pseudoreference electrodes were calibrated to the ferro-
cene/ferrocenium couple in THF at the end of each run to allow
for any drift in potential, following IUPAC recommendations
[16]. All electrochemical measurements were performed at
ambient temperature under an inert N, atmosphere in THF con-
taining the complex under study (0.14 mM) and the supporting
electrolyte [n-BuyN][PF¢] (0.13 mM). Data were recorded with
Autolab NOVA software (v. 1.11). Thermogravimetric analysis
was performed by the Microanalysis Laboratory at the Univer-
sity of Manchester. Mass spectrometry data were obtained by
the Mass Spectrometry Laboratory at the University of
Manchester.

Synthesis of 4BGIPN. 5H-Benzo[d]benzo[4,5]imidazo[1,2-
alimidazole (benzoguanidine, [10]) (700 mg, 3.38 mmol) was
added to a suspension of NaH (81.0 mg, 3.38 mmol) in an-
hydrous DMF (40 mL) at 0 °C under a stream of Nj. The reac-
tion mixture was stirred for 1 h at room temperature. 2,4,5,6-
Tetrafluoroisophthalonitrile (135 mg, 676 umol) was added to
the reaction mixture under N». The reaction mixture was heated
to 140 °C and left to stir overnight. The reaction mixture was
dried under vacuum to remove DMF. The crude product was
extracted with DCM and washed with water. The organic phase
was collected and dried with MgSOQy, filtered and concentrated
under vacuo. The product was further purified by column chro-
matography (ethyl acetate/hexane 1:4) to give the pure product
as a yellow powder in 70% yield (450 mg, 474 pmol). Single
crystals suitable for X-ray diffraction were grown by layering a
concentrated solution in DCM with hexane which was left for
slow evaporation. IH NMR (700 MHz, DMSO-dg) & 8.46-8.35
(m), 8.23-8.22 (m), 8.16-8.06 (m), 7.94-6.86 (m), 6.82-6.80
(m), 6.59-6.54 (m), 6.47-6.41 (m), 6.35-6.29 (m), 6.24-6.23
(d, J = 7.9 Hz); 13C{!H} NMR (126 MHz, CD,Cly) & 151.17,
149.67, 146.84, 146.65, 146.27, 142.44, 142.29, 142.01, 134.45,
133.78, 133.00, 132.63, 131.91, 130.98, 128.91, 128.50, 127.82,
126.78, 126.58, 126.41, 126.24, 125.84, 124.85, 124.51, 124.39,
124.22, 124.11, 124.01, 123.82, 123.71, 123.53, 123.38, 123.30,
123.23, 122.97, 122.76, 121.99, 121.91, 121.61, 121.41, 121.28,
120.01, 119.91, 119.68, 119.43, 119.16, 117.13, 112.60, 112.41,
112.06, 112.00, 111.69, 111.33, 111.21, 111.11, 110.88, 110.82,
110.74, 110.44, 110.17 ppm; Anal. caled. for CeoH32N14
(948.29): C, 75.94; H, 3.40; N, 20.66; found: C, 75.59; H, 3.54;
N, 20.28; HRESIMS m/z: [M + Na]* calcd. for C¢yH3,N14Na,
971.2827; found, 971.2854.

X-ray crystallography

Crystals suitable for X-ray diffraction study were obtained by
slow layer diffusion of hexanes/petroleum ether into dichloro-
methane solution for 4BGIPN at room temperature. Crystals
were mounted in oil on a MiTeGen loop and fixed on the

diffractometer in a cold nitrogen stream. Data were collected
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using dual wavelength Rigaku FR-X rotating anode diffrac-
tometer using Cu Ko (A = 1.54146 A) radiation, equipped with
an AFC-11 4-circle kappa goniometer, VariMAX™ micro-
focus optics, a Hypix-6000HE detector and an Oxford Cryosys-
tems 800 plus nitrogen flow gas system, at a temperature of
100 K. Data were collected and reduced using CrysAlisPro v42
[21,22]. Absorption correction was performed using empirical
methods (SCALE3 ABSPACK) based upon symmetry-equiva-
lent reflections combined with measurements at different

azimuthal angles.

For the final refinement, the contribution of severely disordered
CH,Cl, molecules in the crystals of 4BGIPN was accounted for
by applying a solvent void mask calculated using BYPASS,
implemented through Olex2 [23]. Structures were solved by
direct method/intrinsic phasing and refined by the full-matrix
least-squares against F2. All non-hydrogen atoms were refined
with anisotropic atomic displacement parameters. All hydrogen
atoms were positioned geometrically and constrained to ride on
their parent atoms with C—H = 0.95-1.00 A, and Uiy, =
1.2-1.5 Ueq (parent atom). All calculations were performed
using the SHELXL software and Olex2 graphical user interface
[22,23].

4BGIPN (monoclinic P2;), CCDC number 2243340,
CgoH32N 14, monoclinic, space group P2; (no. 4), a =
17.4217(4) A, b = 15.2552(3) A, ¢ = 20.8314(6) A, B =
114.583(3)°, V =5034.6(2) A3, Z=4,dyc = 1.252 gcm™, p =
0.623 mm™!, yellow block, 33714 reflections measured (4.664°
<20 <152.79°), 17837 unique (Riy = 0.0314, Ryigma = 0.0512)
which were used in all calculations. The final R; was 0.0462
(I > 20(I)) and wR, was 0.1190 (all data). GOF = 1.042,
APmin/Apmax = 0.4/-0.2 ¢ A3,

4BGIPN (triclinic P-1), CCDC number 2287367,
CeoH32N14:0.5CH,Cly (M = 991.46 g/mol): triclinic, space
group P-1 (no. 2), a = 12.8390(16) A, b = 21.536(3) A, ¢ =
23.149(5) A, a = 65.321(17)°, p = 82.509(14)°, y = 89.955(11)°,
V =5756.1(19) A3, Z = 4, T = 100.00(13) K, u(Cu Ka) =
0.981 mm™!, dgyc = 1.144 g/cm?3, 68407 reflections measured
(4.244° < 20 < 151.924°), 22637 unique (Ri; = 0.1849,
Rsigma = 0.1991) which were used in all calculations. The final
R was 0.2870 (I > 20(I)) and wR, was 0.6519 (all data).

Computational results

Computations were performed using density functional theory
(DFT) for the ground state and time-dependent DFT (TD-DFT)
with Tamm-Dancoff approximation [24,25] for the excited
states calculations, using the global hybrid MN15 functional by
Truhlar [26] in combination with the def2-TZVP basis set by
Ahlrichs [27,28]. TD-DFT calculations were performed to elu-
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cidate the nature of the excited state in a crystalline and opti-
mized molecular geometry of 4BGIPN with all data collected
in Supporting Information File 1 (Tables S1-S4). All calcula-
tions were carried out by Gaussian 16 [29] and HOMO-LUMO
overlap integrals were calculated using Multiwfn program [30].

Supporting Information

Supporting Information File 1

Additional experimental data.

[https://www beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-95-S1.pdf]

Supporting Information File 2

CIF file.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-95-S2.cif]
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Abstract

Herein, we report on the design, synthesis, physical and chemical properties, and organic photovoltaic (OPV) device performance
of four new cathode interlayer (CIL) materials based on bay N-annulated perylene diimides. Starting from the previously reported
N-annulated perylene diimide (PDIN-H), the N-position was functionalized with a benzyl and pentafluorobenzyl group to make
PDIN-B and PDIN-FB, respectively. Similarly, starting from the previously reported cyanated N-annulated perylene diimide (CN-
PDIN-H), the N-position was functionalized with a benzyl and pentafluorobenzyl group to make CN-PDIN-B and CN-PDIN-FB,
respectively. The materials exhibit solubility in the green solvent, ethyl acetate, and thus were processed into thin films using ethyl
acetate as the solvent. The optoelectronic properties were assessed for both solution and film, and the electrochemical properties
were probed in solution. To validate the potential as electron transporting layers, each film was used in conventional OPVs as the
CIL with processing from ethyl acetate, while using a bulk heterojunction (BHJ) comprised of PM6:Y6. High power conversion

efficiencies (PCEs) of 13% were achieved compared to control devices using the standard PFN-Br CIL.

Introduction
Organic photovoltaic (OPV) devices for energy harvesting or  [1,2]. Due to the processability of organic materials used in
light recycling are of interest due to their low cost, fabrication =~ OPVs, the large-scale manufacturing of such devices at low cost

via layer-by-layer printing, flexibility, and low carbon footprint ~ with minimal environmental impact becomes viable, especially
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if processed from green solvents [3-5]. These devices have the
opportunity to be integrated into buildings, automobiles,
Internet of Things (IoT) devices, etc. This has motivated scien-
tists to develop OPV technology over the past several decades,
which resulted in power conversion efficiencies (PCEs) of
OPVs reaching over 19% by using state-of-the-art organic
photoactive materials in conjunction with hole and electron
transporting “interlayers” that reside between the bulk hetero-
junction (BHJ) and the electrodes [6]. However, while progress
has been made by increases in PCEs from ~10% to ~19% in the
last decade, many of the materials used in OPVs suffer from
low thermal and/or photostability, lengthy syntheses, high cost,
and require harmful reagents for synthesis and processing.
Therefore, it is necessary to design new materials with studious
strategies to negate these issues and contribute to the move-

ment for the commercialization of OPVs [7-9].

Cathode interlayers (CILs) have been recently recognized as a
key component to realize highly efficient OPVs. Indeed, the
highest efficiency to date reported at over 19% used a BHJ of
PM6:BTP-eC9 with PFN-Br as the CIL [6]. CILs serve to
increase device performance in various ways. First, polar func-
tional groups (and induced dipole moments) serve to tune the
work function of the cathode for a reduced energetic offset, thus
reducing the Schottky barrier that is detrimental to device per-
formance and long-term stability. Second, efficiency is in-
creased by tuning the frontier molecular orbitals to block holes
by a deep highest occupied molecular orbital (HOMO) and by
promoting electron cascade with a deep lowest unoccupied mo-
lecular orbital (LUMO). Third, CILs prevent the donor material
in the BHJ from coming in contact with the cathode, thus
blocking holes and reducing recombination processes. Fourth,
CILs can provide smooth surface morphologies for better con-
tact with the cathode, as otherwise defects in the BHJ, such as
pinholes, can occur [10-12]. Therefore, it is important to design
CIL materials to have polar groups, appropriate FMO energetic
levels, and functional groups known to promote ideal packing

and intermolecular interactions with neighboring compounds.

Several CIL compounds stand out as top-performing materials,
such as PFN-Br [13], PDIN [14], PDINO [14], and PDINN [15]
(Figure 1), which have realized PCEs of ~19% [6], ~17% [16],
~15% [17], and =17% [15], respectively, when implemented as
CILs in conventional OPVs. While challenges exist for poly-
meric materials due to batch-to-batch variations, molecular ma-
terials are advantageous as they can be easily structurally char-
acterized, have highly reproducible syntheses, and can exhibit
high solubilities in common organic solvents for effective solu-
tion processing and thin film formation. Towards obtaining
high-performance CIL materials, perylene diimides (PDIs)

stand out as excellent candidates as they can form electron

Beilstein J. Org. Chem. 2023, 19, 1620-1629.

transporting films, have appropriate LUMO energy levels com-
patible with most photoactive acceptor molecules (LUMO
levels residing between —3.5 eV to —4.0 eV) to promote elec-
tron cascade, have appropriate HOMO energy levels at =5.5 eV
and below that serve to block hole transport, exhibit high ther-
mal stability, are highly tunable in terms of their physical and
chemical properties, and can be readily doped thereby increas-
ing electronic conductivity. Some of the most widely used PDI
materials for CILs are PDIN [14], PDINN [15], and PDINO
(Figure 1a) [14,15]. Past work in our group has included
N-annulated PDI materials, as seen in Figure 1b, where modifi-
cations to the PDIN-H CIL material include installation of a
nitrile functional group on an open bay position for electro-
chemical tuning, and N-functionalization to provide several dif-
ferent side chains to study the impact of morphological changes
on device performance [18,19]. With respect to the latter, we
have introduced ethyl acetate as a suitable green solvent to
process CILs onto high performance BHIJs (e.g., PM6:Y6).
Most CILs have been processed from alcohols as to not damage
the underlying hydrophobic BHJ film, but use of such alcohol-
based solvents limits the types of organic materials to be used
as CILs. With ethyl acetate as a processing solvent a wider
range of organic materials can be developed and studied as
CILs.

Herein, we report on the design, synthesis, and application of
four new CILs using the previously reported N-annulated PDI
(PDIN-H) and nitrile functionalized N-annulated PDI (CN-
PDIN-H) compounds (Figure 1c) as the scaffolds for modifica-
tion [18]. The PDIN-H scaffold was modified by N-functionali-
zation with a benzyl (PDIN-B) or pentafluorobenzyl group
(PDIN-FB). Similarly, the CN-PDIN-H scaffold was functional-
ized with a benzyl (CN-PDIN-B) or pentafluorobenzyl group
(CN-PDIN-FB). Addition of the benzyl and pentafluorobenzyl
groups was to enhance solubility in green solvents, while nitrile
functionalization was done to further stabilize the LUMO of the
compounds. These materials are reported for the design strategy
used, their synthesis, optoelectronic properties, electrochemical
properties, and processability from ethyl acetate for thin film
formation. Lastly, each new CIL material was tested in conven-
tional OPVs by processing with ethyl acetate, a green solvent
[20-22], where the BHJ used was PM6:Y6 and PCEs were
found to be comparable to that of PEN-Br with PCEs of over
~13%.

Results and Discussion

Design strategy

Previously, the benzyl-annulated dimers of the ethyl propyl
perylene diimide (tPDI,-N-R; Figure 2) were reported as non-
fullerene acceptors for OPVs, reaching PCEs of =6% [23].

Realizing that these materials are suitable electron acceptors, it
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Figure 2: Evolution of the dimer tPDIoN-R [23] as an NFA to PDIN-B/PDIN-FB monomers to serve as ClLs, where the addition of nitrile functional
group on the monomeric PDIN-B/PDIN-FB materials serve to stabilize FMOs.

was hypothesized that the monomeric species would be suit-
able candidates for use as CILs as the planar structure is more
likely to induce ordered microstructures, which is ideal for CILs
as a means to provide better contact with the cathode and BHJ
acceptor materials. All derivatives (PDIN-FB, PDIN-B,
CN-PDIN-FB, and CN-PDIN-B) have undergone N-functionali-

zation to provide either a benzyl or pentafluorobenzyl group,

which serves to alter the physical and chemical properties of the
material. In terms of physical properties, the addition of benzyl
and pentafluorobenzyl groups serve to break up NH---OH inter-
molecular bonding, which renders the materials soluble in a
range of solvents suitable for solution processing [24]. Target
organic solvents to use for the production of OPVs are those

that are considered green, where a green solvent can be de-
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scribed as one that exhibits little to no toxicity to humans or
animals, and has a minimal environmental impact when consid-
ering life-cycle assessments [21]. In terms of the electrochemi-
cal properties of the series, it was hypothesized that the addi-
tion of a nitrile functional group would stabilize both the
HOMO and LUMO, where a deep-lying LUMO energy level is
sought after for increased stability of electron-transporting ma-
terials [25]. Additionally, the presence of a nitrile group intro-
duces an additional means for intermolecular bonding between
the CILs and acceptor molecules (N---F and N---H bonding
when using the acceptor Y6), as well as an induced dipole
moment in the molecule for increased work function tuning of
the cathode. The use of benzyl and pentafluorobenzyl substitu-
ents was to evaluate the impact of H vs F on the electrochemi-

cal properties and device performance.

Synthesis

The synthesis of the four CILs, PDIN-B (benzyl N-annulated
ethyl propyl perylene diimide), PDIN-FB (pentafluorobenzyl
N-annulated ethyl propyl perylene diimide), CN-PDIN-B
(benzyl cyano N-annulated ethyl propyl perylene diimide), and
CN-PDIN-FB (pentafluorobenzyl cyano N-annulated ethyl
propyl perylene diimide) are reported within for the first time.
Starting from PDIN-H, PDIN-B and PDIN-FB can be synthe-
sized via N-alkylation by use of a base (K,CO3) in the pres-
ence of either benzyl bromide for PDIN-B or pentafluo-
robenzyl bromide for PDIN-FB (Scheme 1). Starting from
CN-PDIN-H, CN-PDIN-B and CN-PDIN-FB can be synthe-
sized by N-alkylation by use of a base (K,CO3) in the presence
of either benzyl bromide for CN-PDIN-B or pentafluorobenzyl
bromide for CN-PDIN-FB (Scheme 1). The products were
collected by precipitating the product out of the reaction mix-
tures by adding a methanol/water mixture; thus, no lengthy
purification steps were required for any of the syntheses. Yields
of 52.4%, 80.2%, 58.1%, and 68.3% were obtained for PDIN-
FB, PDIN-B, CN-PDIN-FB, and CN-PDIN-B, respectively. All
compounds were structurally characterized using '"H NMR
spectroscopy, 13C NMR spectroscopy, mass spectrometry, and

z
T
\/

DMF

120 °C, mw
35 min - 1 hour
R R
PDIN-H R =H (PDIN-B)
R =F (PDIN-FB)
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elemental analysis. See Supporting Information File 1 for full

synthetic and characterization details.

Optical properties

Using UV-visible spectroscopy, the optical properties for
PDIN-FB, PDIN-B, CN-PDIN-FB, and CN-PDIN-FB in both
solution and film form were obtained (Figure 3, Table 1), where
solution spectra were done in ethyl acetate and the films were
processed using ethyl acetate as the solvent and quartz as the
substrate. Ethyl acetate was used due to being green and its use
in OPV device fabrication (see below). When comparing the
solution spectra of all the compounds, the spectrum of PDIN-
FB shows an onset (in regard to the lowest energy transition at
0 — 0) at 532 nm (2.33 eV) with a Ay, of 515 nm, PDIN-B
shows an onset of 536 nm (2.31 eV) with a A5 of 520 nm,
CN-PDIN-FB shows an onset of 549 nm (2.26 eV) with a Ay
of 528 nm, and CN-PDIN-B shows an onset of 554 nm
(2.24 eV) with a Ay, of 533 nm. The shapes of all solution
spectra are mostly retained across the compounds, which is ex-
pected due to the 0 — 0,0 — 1, and 0 — 2 transition occurring
on the perylene core [26]. In comparing the derivatives with a
benzyl group on the pyrrolic position (PDIN-B, CN-PDIN-B)
with those with a pentafluorobenzyl group (PDIN-FB,
CN-PDIN-FB), a bathochromic shift of 0.02 eV is observed
when going from the pentafluorobenzyl to the benzyl deriva-
tives. When comparing the derivatives with (CN-PDIN-FB,
CN-PDIN-B) and without (PDIN-FB, PDIN-B) a nitrile group,
a bathochromic shift of 13 nm is observed for PDIN-FB —
CN-PDIN-FB, and a bathochromic shift of 13 nm is observed
for PDIN-B — CN-PDIN-B. The presence of the nitrile func-
tional group results in a lowering of the energy of the optical
band gap, which can be attributed to a higher degree of stabi-
lization of the first excited state in relation to the stabilization of
the ground state, which is observed in other PDIs when
installing the electron-withdrawing nitrile group on the
polycyclic aromatic core [27,28]. The molar extinction coeffi-
cients (¢) of all compounds in ethyl acetate were determined
(see Supporting Information File 1, Figures S18-S25), where

DMF
120 °C, mw
35 min - 1 hour

CN-PDIN-H R = H (CN-PDIN-B)
R =F (CN-PDIN-FB)

Scheme 1: Synthesis schematic for PDIN-FB, PDIN-B, CN-PDIN-FB, and CN-PDIN-B.
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Figure 3: a) Structures of PDIN-FB, PDIN-B, CN-PDIN-FB, and CN-PDIN-B. b) Normalized solution UV-visible spectra using ethyl acetate as the sol-
vent. ¢) UV-vis spectra for films on quartz substrates where films were cast from 1 mg/mL solutions using ethyl acetate as the solvent.

Table 1: Solution (in EtOAc) and film (on quartz) UV-visible spectra data and electrochemical data for PDIN-B, PDIN-FB, CN-PDIN-B, CN-PDIN-FB.

Compound Solution Amax (NM) g (M~ Tcm™) Solution Egptgap ~ Film Eqptgap HOMO LUMO
PDIN-FB 515 85,238 2.33eV 2.22 eV -5.9 -3.6
PDIN-B 520 74,489 2.31eV 2.18 eV -5.9 -3.6
CN-PDIN-FB 528 78,119 2.26 eV 2.13eV -6.1 -3.8
CN-PDIN-B 533 59,485 2.24 eV 2.09 eV -6.1 -3.8

PDIN-FB has the highest € at 85,238 M~! cm™!, CN-PDIN-FB
the second highest € at 78,119 M-! cm’l, PDIN-B the third
highest € at 74,489 M~! cm™!, and CN-PDIN-B the lowest € at
59,485 M~ em™!,

In terms of film spectra, all four materials were cast from a
solution at a concentration of 1 mg/mL in ethyl acetate, where a
concentration of 1 mg/mL was used due to CN-PDIN-FB exhib-
iting a maximum solubility of 1.2 mg/mL (see below). The
PDIN-B film has the highest absorbance of 0.037 at its A5 of

535 nm for the 0 — O transition and an onset of 570 nm
(2.18 eV), the PDIN-FB film has the second highest absor-
bance of 0.030 at a A4 of 495 nm for the 0 — 1 transition and
an onset of 559 nm (2.22 eV), the CN-PDIN-B film has the
third highest absorbance of 0.020 at a A, of 515 nm for the
0 — 1 transition and an onset of 593 nm (2.09 eV), and the
CN-PDIN-FB film has the lowest absorbance of 0.017 at its
Amax 0f 509 nm for the O — 1 transition and an onset of 580 nm
(2.13 eV). The film spectra (Figure 3) suggest that PDIN-B
forms the thickest films while CN-PDIN-FB forms the thinnest
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films on quartz. The addition of a nitrile functional group
impacts the shape of the UV-visible film spectra, leading to ill-
defined 0 — 0,0 — 1, and 0 — 2 transitions, while those with-
out a nitrile group exhibit well-defined 0 — 0 and 0 — 1 transi-
tions. Complex aggregation of these compounds is evident, and
no clear indication of H- or J-aggregation can be concluded at
this time.

Solution processing

All four compounds are soluble in ethyl acetate, and each was
probed for its saturation point. This was done by adding each
material to 1 mL of ethyl acetate until solids did not dissolve,
where after this each solution was filtered with a 0.22 um PTFE
filter. The absorbance of each saturated solution was measured
with a UV-visible spectrophotometer to determine the concen-
tration using the Beer—Lambert law and the previously deter-
mined molar extinction coefficients. PDIN-FB reached a satu-
rated solution at a concentration at 8.4 mg/mL, PDIN-B a satu-
rated solution at 19.4 mg/mL, CN-PDIN-FB a saturated solu-
tion at 3.2 mg/mL, and CN-PDIN-FB a saturated solution at
1.2 mg/mL. The compounds are also soluble in other organic
solvents such as toluene, o-xylenes, and chloroform at concen-
trations of >100 mg/mL. However, in conventional OPVs, it is
critical that the CIL is cast from a solvent that does not dissolve
the bottom layers as keeping each layer discrete is crucial for
device performance. Therefore, ethyl acetate as a processing
solvent for the CILs is ideal as films of PM6:Y6 are highly sol-
vent resistant to ethyl acetate, and because the CILs are coated
onto of the BHJ in this case [19]. Furthermore, ethyl acetate is
considered a green solvent due to its low toxicity and minimal
associated hazards [20,22,29]. We note that each compound has

minimal solubility in methanol, the most common processing

PDIN-FB PDIN-B CN-PDIN-FB
-3.6eV -3.6eV
-3.8eV
LUMO LUMO
LUMO
HOMO HOMO
HOMO
-59eV 5.9 eV
5.9 €' 5.9 e' 6.1 eV

Beilstein J. Org. Chem. 2023, 19, 1620-1629.

solvent for CILs, and instead encourage the use of other organic
materials that are soluble in ethyl acetate as CILs in conven-
tional type OPVs. Films of each CIL on quartz substrates
processed from 1 mg/mL solutions in ethyl acetate are pictured
in Supporting Information File 1, Figure S26.

Electrochemical properties

The electrochemical properties of the four CILs were probed
using solution cyclic voltammetry (CV; Figure 4) and differen-
tial pulse voltammetry (DPV; Supporting Information File 1,
Figures S27-S30), using dichloromethane as the solvent. For all
reversible reduction or oxidation waves, HOMO and LUMO
energy levels were determined using E1/, values with Fc/Fc* as
the internal standard. All compounds exhibit two reversible
reduction waves, where only PDIN-FB and PDIN-B exhibit a
reversible oxidation wave. For CN-PDIN-FB and CN-PDIN-B,
the HOMO is estimated using the optical band gap by
subtracting the value in eV from the LUMO. This results in
HOMO energy levels of =5.9 eV, -5.9 eV, -6.1 eV, and
—6.1 eV for PDIN-FB, PDIN-B, CN-PDIN-FB, and CN-PDIN-
B, respectively. Additionally, this results in LUMO energy
levels of -3.6 eV, —3.6 eV, -3.8 ¢V, and —3.8 eV for PDIN-FB,
PDIN-B, CN-PDIN-FB, and CN-PDIN-B, respectively. Both
the HOMO and LUMO energy levels were confirmed using
DPV, which are in agreeance with all values determined using
CV (Supporting Information File 1, Figures S27-S30). The
presence of a nitrile functional group stabilizes the FMOs in
both CN-PDIN-FB and CN-PDIN-B by a factor of —0.2 eV (for
both the HOMO and LUMO) when compared to PDIN-FB and
PDIN-B, respectively. When comparing the benzyl versus
pentafluorobenzyl groups, the FMOs are not significantly
changed.

b)

—PDIN-FB —PDIN-B —CN-PDIN-FB —CN-PDIN-B
FelFc*

Ez,Lumo = -1.18 eV Ein,Homo = 1.14 eV

5 H E1R,Hm=1.mﬁ
y;
~

Normalized Current

0\)N\/O Eqp, Lumo = -1.20 eV
CN-PDIN-B Evn o = 0,87 6V
-3.8eV

Eiz,umo=-1.01eV {

-2 -1 0 1
Potential Referenced to Fc/Fc+ (V)

-6.1eV

Figure 4: a) PDIN-FB, PDIN-B, CN-PDIN-FB, and CN-PDIN-B structures with their respective HOMO/LUMO level energies determined from CV Eq)>
values. b) Corresponding CVs for PDIN-FB, PDIN-B, CN-PDIN-FB, and CN-PDIN-B with Eq/p values.
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Photovoltaic device performance

OPV devices were fabricated using PDIN-FB, PDIN-B,
CN-PDIN-FB, and CN-PDIN-B individually as CILs in conven-
tional architecture devices with a layer stack of glass/ITO/
PEDOT:PSS/PM6:Y6/CIL/Ag (Figure 5b). See Supporting
Information File 1 for full device fabrication details. The BHJ
materials, PM6:Y6 (Figure 5a), were selected due to their high
photovoltaic performance and solvent resistance to ethyl acetate
[19]. The energy level diagram of each respective layer in the
device are represented in Figure Sc, where PEDOT:PSS, PM6,
and Y6 work function and energy levels were taken from litera-
ture [17,30].

We evaluated the current density—voltage (J-V) in the dark and
under illumination (AM1.5 G at 100 mW/cm?), and we also
assessed the devices' external quantum efficiency (EQE), which
can be seen in Figure 6a and 6b. To make the necessary adjust-
ments to the PCE, integrated Jgc (Supporting Information
File 1, Figure S31) is computed for devices with their EQE
values determined [31]. The estimated values of Jg¢ are consis-
tent with those measured under an illumination similar to that of
the sun. Table 2 provides a summary of all of the optoelectrical
and photovoltaic characteristics that were derived from the mea-
surements of sun I-V and EQE. All of the devices behaved like
diodes, as shown by the dark /-V characteristics (Figure 6c),

with a rectification ratio that was higher than three orders of

a) b)

Beilstein J. Org. Chem. 2023, 19, 1620-1629.

magnitude when comparing the current density under reverse
bias and forward bias and a blocking behavior that was
reasonable when the current was flowing in the opposite
direction. The solar cell devices exhibit good PCEs, approxi-
mately 14%, decent FF (=65%), and Jgc (25 mA/cm?). Figure
S32 in Supporting Information File 1 displays the statistical
evaluation of the photovoltaic (PV) parameters acquired from
the -V characteristics, and Supporting Information File 1,
Table S1 summarizes the average PV parameters with standard

deviation.

All of the devices are comparable to the PEN-Br CIL, which is
the one that is employed the most for PM6:Y6 OPVs. PFN-Br is
most often processed from methanol [32], which is a solvent
that is not well suited for the production of large-area or envi-
ronmentally friendly devices owing to a high vapor pressure
that can lead to precipitation during coating and due to being a
highly flammable and toxic solvent [20,33,34]. Figure S33 in
Supporting Information File 1 compares the J-V characteristics
of all N-annulated perylene diimides-based CILs cast from ethyl
acetate and PFN-Br cast from methanol.

Figure 6d is a plot in double logarithmic scales that depicts the
photocurrent density (Jpp) as a function of the effective voltage
(Vetr). This was conducted to investigate the charge generation

and extraction processes further. The Jpp was determined by

| pevotess | 4

c)

-36to-3.8
s
i -4.5
.47 —
5 ITO  —

-5.9 to - 6.1

Figure 5: a) Chemical structures of BHJ donor material PM6 and acceptor material Y6, b) conventional OPV device structure used in this study, and
c) the work functions of ITO, PEDOT:PSS, and Ag [30], as well as the energy levels of PM6, Y6, and the energy level range for the ClILs used in this

study.
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Figure 6: a) Current density-voltage (/I-V) characterization under illumination, b) spectral response of the solar cells, c) I-V characteristics under dark,

d) photocurrent vs effective voltage.

Table 2: Photovoltaic parameters corresponding to the OSCs varying ClLs as cathode interlayers (EQE corrected). Here, the short circuit current is
Jsc; the open circuit voltage is Vog; the fill factor is FF, and the power conversion efficiency is n.

CIL Jsc Jsc (EQE) Voc
(mA/cm?) (mA/cm?) (mV)
PDIN-FB 24.99 24.05 835
PDIN-B 24.59 23.85 838
CN-PDIN-FB 25.02 24.28 831
CN-PDIN-B 25.807 24.29 831

subtracting the J-V characteristics measured in the light from
those measured in the dark using the formula J,,, = Ji - Jp,
where Ji, denotes the current density measured in the light, and
Jp represents the current density measured in the dark. The
voltage (Vp) that prevails when Jpy, is equal to zero was used in
the calculation for Vg, and the resulting value was then
subtracted from the applied bias voltage (V). The exciton
dissociation efficiency (ngiss = Jsc/Jsar) and the charge
collecting efficiency (n¢o)1 = /Mpp/Jsat) Were calculated based

FF n n (EQE)
(%) (%) (%)
65.5 13.67 13.2
66.2 13.64 12.4
62.9 13.07 12.7
64.1 13.74 13.0

on the conditions of a short circuit and the maximum power
point, respectively. Supporting Information File 1 (section 12)
provides a description of each step of the calculation procedure
in detail [35]. All the devices exhibited a dissociation effi-
ciency of more than 98% and a charge collection efficiency of
more than 80%, confirming the moderate Jgc and FF acquired
from the device. The devices showed no barriers between the
active layer and the CIL interface, indicating efficient charge

extractions.
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In addition, to further confirm the charge extraction and recom-
bination, the PAIOS (platform for all-in-one characterization of
solar cells) tool from Fluxim was used to measure transient
photocurrent (TPC) and light intensity-dependent IV (LID-1V)
measurements. TPC measurements were performed to verify
charge carrier transport properties, and current decay was moni-
tored after 500 us pulse. The normalized TPC data for all the
devices is shown in Supporting Information File 1, Figure S34a.
The photocurrent decay time under short circuit conditions is
very similar for all devices, and we can see that most of the
charges are extracted within two us, thus indicating more signif-
icant extraction at the interface. J~V measurements based on the
light's intensity were carried out to determine the possible
recombination process that can occur within the device. The
slope (alpha) was generated from the log-log plot shown in
Supporting Information File 1, Figure S34b by applying a
straightforward power law dependency to the Jgc vs light inten-
sity (I) data. This dependence was written as Jgc o 1% The
number of o near 1 suggests that non-geminate recombination
does not substantially influence the Jgc at the recorded light in-
tensity [36,37].

Conclusion

To summarize, four new CIL materials based on N-annulated
perylene diimides were synthesized, structurally characterized,
probed for their physical and chemical properties, and vali-
dated as electron transporting films by implementation in
conventional OPV devices. In terms of device performance,
the CIL is one of the crucial parameters influencing the
quality of devices' extraction and, ultimately, the FF.
The scope of this article is inadequate for a detailed
investigation of the processes involved in the formation of the
interfacial layer between the donor—acceptor and the
charge transport layer. Nevertheless, based on all the opto-
electrical characterization, proposed N-annulated perylene
diimides-based CILs are suitable candidates for CILs that
can be replaced with any traditional transport layer and
are applicable for a wide range of high-efficiency OPVs.
Furthermore, the CILs processed from ethyl acetate can be
applied to fabricating fully environmentally friendly OPVs
based on eco-friendly or green solvents, especially for indoor
applications.

Supporting Information

Supporting Information File 1
Experimental part.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-119-S1.pdf]
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Abstract

1,3-Dimethyl-2,3-dihydrobenzo[d]imidazoles, 1H, and 1,1',3,3'-tetramethyl-2,2',3,3'-tetrahydro-2,2'-bibenzo[d]imidazoles, 1,, are
of interest as n-dopants for organic electron-transport materials. Salts of 2-(4-(dimethylamino)phenyl)-4,7-dimethoxy-, 2-cyclo-
hexyl-4,7-dimethoxy-, and 2-(5-(dimethylamino)thiophen-2-yl)benzo[d]imidazolium (1g-i*, respectively) have been synthesized
and reduced with NaBH, to 1gH, 1hH, and 1iH, and with Na:Hg to 1g; and 1h;. Their electrochemistry and reactivity were com-
pared to those derived from 2-(4-(dimethylamino)phenyl)- (1b*) and 2-cyclohexylbenzo[d]imidazolium (1e*) salts. E(1*/1°) values
for 2-aryl species are less reducing than for 2-alkyl analogues, i.e., the radicals are stabilized more by aryl groups than the cations,
while 4,7-dimethoxy substitution leads to more reducing E(1*/1°%) values, as well as cathodic shifts in E(15"*/1,) and E(1H"*/1H)
values. Both the use of 3,4-dimethoxy and 2-aryl substituents accelerates the reaction of the 1H species with PCq;BM. Because

2-aryl groups stabilize radicals, 1b, and 1g, exhibit weaker bonds than 1le, and 1hj, and thus react with 6,13-bis(triisopropyl-
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silylethynyl)pentacene (VII) via a “cleavage-first” pathway, while 1e, and 1h; react only via “electron-transfer-first”. 1h, exhibits

the most cathodic E(15'*/15) value of the dimers considered here and, therefore, reacts more rapidly than any of the other dimers
with VII via “electron-transfer-first”. Crystal structures show rather long central C—C bonds for 1b, (1.5899(11) and 1.6194(8) A)

and 1hy (1.6299(13) A).

Introduction

Electrical doping of organic semiconductors can play an impor-
tant role in tuning the properties of organic semiconductors for
a variety of applications [1-5]. The most straightforward
n-dopants for doping electron-transporting materials are simple
one-electron reductants; however, to be effective for a wide
range of semiconductors, they must exhibit low ionization ener-
gies and thus air sensitivity. One approach to circumvent this
issue is to identify systems where the electron-transfer process
is coupled to other chemical reactions, increasing the kinetic
stability of the dopant to air, and thus increasing its ease of
storage and handling.

Arguably, the most widely investigated air-inert n-dopants are
1,3-dimethyl-2,3-dihydrobenzo[d]imidazoles (DMBI-H, 1H,
Figure 1); these species have been known for decades (e.g.,
1aH, one of the simplest such derivatives, was first reported in
1954 [6]), but were only introduced in n-dopants in 2010, when
Bao and co-workers reported the use of N-DMBI-H (1bH,
Figure 1) to n-dope fullerenes [7]. Although widely used, due to
their facile synthesis, structural tunability, and good air stability
in the solid state, 1H derivatives are relatively limited in dopant
strength and their reactivity with organic semiconductors (SC)
does not depend solely on the SC reduction potential, since the
first step, at least in many cases, is a hydride transfer rather than
an electron transfer [8,9]. Moreover, as well forming the desired
semiconductor radical anion SC*~, and the stable DMBI* (1%)
species, a hydrogen atom must be lost from the dopant, in some
cases resulting in the incorporation of hydrogen-reduced side
products into the semiconductor film [9], although in other
cases it may be lost as Hj [8,10,11].

The first report of a (DMBI), dimer (1,, Figure 1) was of 1aj in
1984 [12]. More recently, dimers 1b,—1f, (Figure 1) have been
used as n-dopants [13-20]. They behave similarly to the closed-
shell dimers formed by certain 19-electron transition-metal
sandwich compounds [21-23], exhibiting moderate air stability
and acting as quite strong dopants, reacting with semiconduc-
tors more rapidly and predictably than hydride donors such as
the corresponding 1H species [8], cleanly only to give SC™~ and
the corresponding monomeric cations. However, 1, dopants
offer the possibility of more planar dopant ions than the organo-
metallic dimers, which can be advantageous [19].

Although the impact of different 2-aryl Y groups on the reactiv-

ity of 1H species have been examined [9,24], there has been no

direct comparison of the solution reactivity (or doping behavior)
of 1H or 1, reductants with Y = aryl substituents to that of their
Y = alkyl counterparts, while there has also been limited effort
on examining the effects of substituents on the benzimidazole
6-membered ring in either class of reductant [16,24]. Further-
more, there has been little work on Y = 2-thienyl 1H deriva-
tives. Here, we report two new dimers (1g, and 1hy) and three
new hydride donors (1gH, 1hH, 1iH). We also report crystal
structures of several of these compounds and of several salts of
the corresponding 1* cations, and compare the electrochemistry
and reactivity of these species.

Results and Discussion
Synthesis

Although an unsymmetrical 1,-like molecule, 2-diethoxy-
phosphoryl-1,1',3,3'-tetramethyl-2,2',3,3'-tetrahydro-2,2'-
bibenzo[d]imidazole, has been obtained from addition of
HPO;Et; across the central C=C bond of bis(1,3-dimethylben-
zoimidazolinidin-2-ylidene) [25], 1, dimers have generally been
obtained by reductive electrochemical or chemical dimerization
of 1% cations [12,13,16,19,26]. 1H derivatives can be obtained
in a number of ways, including direct condensation of N,N'-
dimethylphenylene-1,2-diamine derivatives with the appro-
priate aldehydes, YCHO [24,27], or borohydride reduction of
17 salts [24]. The cations conversely can be obtained from 1H
derivatives, for example through hydride abstraction by PhyC*
[13]. Alternatively, they can also be obtained by condensation
of N,N'-dimethylphenylene-1,2-diamine derivatives with acid
chlorides, YCOCI, or through the methylation of 2-substituted
benzoimidazoles [24], which in turn can be obtained from con-
densation between phenylene-1,2-diamines and carboxylic acids
YCO,H [28], oxidative condensation between YCHO and
phenylene-1,2-diamines [29], or reductive condensation be-
tween YCHO and 2-nitroanilines [24].

In this work we condensed the appropriate YCHO aldehyde (II)
and 1,2-diaminobenzene (I) derivatives in the presence of sodi-
um metabisulfite (Na;S,0s5) [29] to obtain the corresponding
substituted benzimidazoles (III) in essentially quantitative yield
(Scheme 1). In the absence of Na;S,05, but under otherwise
similar conditions, we obtained in some cases the imines in
which one of the amino groups condenses with the aldehyde but
where the subsequent second condensation and oxidation does
not take place, i.e., structures of type IV (Scheme 1), which are

known to be converted to benzimidazoles by various oxidants
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and/or catalysts [30-32]. The benzimidazoles were then doubly
methylated with iodomethane (or methyl tosylate) to afford the
benzimidazolium iodides (or tosylates), 1¥I~ (or 1*OTs"),
which were metathesized to the corresponding hexafluorophos-
phates, 1*PF¢. Either I” or PFg~ salt can then be converted to
the corresponding 1H derivative using NaBH, in MeOH. The
PF¢~ salts are somewhat more soluble than the iodides in THF,
so were reductively dimerized to 1, in THF using Na:Hg, al-
though reduction of 1i*PF¢~ failed to afford 1i. As we have
noted before for other 1, species, amides (V, Scheme 1) are en-
countered as both byproducts of dimer synthesis and dimer de-
composition products [14]. V derivatives have also been ob-
tained as pyrolysis products of a variety of Y = aryl 1H deriva-
tives [33], while Vb has also been found to be both a solution
decomposition product of 1bH [27,34] and a beneficial addi-
tive for a 1bH-doped polymer [27], and has been crystallo-
graphically characterized [34]. In the case of molecules with
aryl Y-substituents — 1by and 1g; — the room-temperature IH
and '3C NMR spectra (see Supporting Information File 1,
Figures S2, S26 and S27, and reference [26]) display more
resonances than expected based on the highest symmetry
possible for the molecule indicating that the sample represents
neither solely a high-symmetry conformer, nor a mixture of
rapidly exchanging lower symmetry conformers. In the case of
1b, all the proton resonances are rather broad, and variable-
temperature experiments (see Supporting Information File 1,
Figure S2) showed further broadening and then coalescence of
some of these peaks on increasing the temperature, consistent
with the room-temperature spectrum being affected by
restricted rotation; interestingly the crystal structure of 1b,
contains molecules with two very different conformations (see

below).

The 1, dimers are somewhat more sensitive to air than the cor-
responding 1H hydrides, but are all sufficiently stable as solids
that they can briefly be handled in air, for example, for
weighing. The solids do decompose slowly in air, although we
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have not quantified this; in inert atmosphere, however, they are
completely stable (at least 4 months for solid 1b,). Both 1H and
1, derivatives decompose more rapidly on exposure to air in
solution. In CDCl3 decomposition is rapid, consistent with the
reactivity of many reductants with that solvent. In C¢Dg these
compounds are more stable, allowing, for example, rapid acqui-
sition of a 'H NMR spectrum; however, handling under
nitrogen is advisable as these species completely decompose to
V (and perhaps 17 species) on timescales of hours to days (see

Supporting Information File 1, Figures S3-S5).

Crystal structures

We have determined the structures of two 1, dimers, four 1H
derivatives (including 1bH, the structure of which has previ-
ously been reported, but with somewhat lower precision than in
the present work [34]), and three salts of 1* cations using
single-crystal X-ray diffraction. Here, we briefly discuss some
of the more interesting structural findings; a more detailed com-
parison of structural parameters is given in the Supporting
Information File 1, Table S2. In particular, we are aware of only
two previously reported crystal structures of DMBI dimers [14],
although several related structures of organic dimers, including
those of benzothiazoline, benzoxazoline, acridanyl, morpholi-
nonyl dimers (2,-5,, respectively, Figure 2) have been reported
in different chemical contexts [35-38]. The crystal structure of
(N-DMBI),, 1b, (Figure 3), contains two crystallographically
inequivalent molecules that are geometrically rather different
from each other. One of the molecules has crystallographic
inversion (C;) symmetry, and approximate molecular Cyy,
symmetry, and so has a perfectly staggered conformation
around the central C—C bond and thus a Y-C-C-Y torsion
angle of precisely 180°; the structure closely resembles those of
the two inequivalent molecules in the structure of the previ-
ously reported Y = ferrocenyl derivative, 1¢; [14], or the mole-
cule in the structure 2, [35], all three of which also have C;
symmetry. The other conformer present, although also stag-
gered, has no crystallographic, or even approximate molecular,

f o
3a,R=H,Y=H

3b,R=Me,Y=H
3c, R=Me, Y =Me

Figure 2: Crystallographically characterized molecules related to DMBI dimers.

1654



“
Ty
:\7/

‘M\W

-
‘A

Beilstein J. Org. Chem. 2023, 19, 1651-1663.

Figure 3: Molecular structures from the single crystal structures of 1b, (two crystallographically inequivalent molecules, left and center) and 1hy
(right), shown with 50% thermal ellipsoids and excluding disorder in 1h, and hydrogen atoms for clarity.

symmetry and is characterized by a Y-C—C-Y torsion angle of
60.3°. The conformation found in the structure of the
Y = cyclohexyl, R” = OMe derivative, 1h, (Figure 3), is some-
what similar to that previously reported for its non-methoxy-
lated analogue le, [14]; the 1hy molecule does not have the
crystallographic C, symmetry of the latter, but does have ap-
proximate molecular C, symmetry, while the Y-C—C-Y torsion
angles for 1h, and 1ej are 149.4° and 140.3°, respectively, and
thus both intermediate between the perfectly staggered (180°
torsion) and neighboring eclipsed conformation (120°). The
imidazole rings in the previously reported and present dimer
structures are mostly somewhat folded towards a puckered
envelope conformation, generally with the Y group in a pseudo-
axial position and the 1,3-methyl groups and the central C—C
bond in pseudo-equatorial positions, although for one of the
monomers in the unsymmetrical conformer in the structure of
(N-DMBI);, 1by, the Y and central bond are pseudo-equatorial
and pseudo-axial, respectively. However, this folding is gener-
ally much less pronounced than in 1H derivatives (see below,
Figure 4, and Table S2 in Supporting Information File 1)
presumably since in the dimers both 2-substituents (Y and the
other monomer unit) are fairly bulky, whereas in the hydrides
there is a large difference in bulk between the hydridic H-atom
and theY-group and thus a strong preference for Y to occupy a

pseudo-equatorial position.

As with other 1, species [14] and related organic [35,37,38] and
organometallic dimers [22,39-46], the central C—C bond of the
present dimers are rather long compared to typical C—C bonds,
although not remarkably so given that these are hexasubstituted
ethane derivatives. Values of 1.5899(11) and 1.6194(8) A are

found for the symmetrical and unsymmetrical conformers of

1b,, respectively, while a value of 1.6299(13) A is found for
1hj; these may be compared to hexasubstituted central C—C
bond length values of 1.595(5) and 1.601(5) A for the two
inequivalent molecules of the Y = Fc, R = R' = H derivative 1c;
[14], 1.640(4) A forthe Y = cyclohexyl, R = R' = H derivative
le, [14], 1.573 A for 2, [35], and 1.591 A for 5, [38], while
(PhEt,C),, a simple hexa-substituted ethane, exhibits a central
C-C bond length of 1.635 A [47]. The tetrasubstituted central
C-C bond of 4, is also rather long (1.58 A) [371. Bridged
benzoxazoline dimers, 3,, have, on the other hand, relatively
short C—C central bonds, perhaps due to the influence of the
propanediyl tether; the hexasubstituted bond of 3¢, is only
1.549(6) A in length, while the tetrasubstituted bonds of 3a,
and 3b, are even shorter [36].

The crystallographically determined central C—C bond lengths
for 1b, are shorter than that previously reported for the
Y = cyclohexyl, R = R' = H derivative 1e; (1.640(4) A) [14],
despite DFT calculations indicating that the former dimer is
considerably more weakly bonded [8,14] and kinetic evidence
for the “cleavage-first” mechanism occurring in doping reac-
tions using 1b, but not 1e, (see below). We have previously
noted a similar lack of correlation between bond length and
bond dissociation energy in comparing the structures of 1c;
(Y =Fc; R=R'=H) and 1e; (Y = cyclohexyl; R =R'=H) [14],
and in comparing those of different organometallic dimers
[22,46]. As noted in our previous work [14,22,46], the bond
length depends on orbital overlap and steric strain in the dimer,
whereas dissociation energetics also depend on the stability of
the monomeric odd-electron species, which vary considerably;
in the case of 1° radicals an important factor is the ability of the

Y substituent to delocalize spin density.
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The 1H structures (Figure 4) are similar to those of other
DMBI-H structures in the literature [34,48-50] (and are com-
pared in more detail in Supporting Information File 1, Table
S2); in all cases the imidazole ring is folded in a “puckered
envelope” conformation with the 2-Y and 1,3-dimethyl substitu-
ents in pseudo-equatorial positions and the reactive hydridic
2-H-atom pesudo-axial. The cation structures (Figure 5) give
some insight into the variety of dopant-ion shapes and sizes that
can be afforded by these types of dopants. The angle between
the imidazolium ring and the aromatic ring of the 1g*1™ is 41.5°,
close to the range of values previously reported for 1b* salts
(42.5-52.5°) [19,34] and for salts of Y = Ph, R =R' = H cations
with different counterions (42.0-54.9°) [51-53]. As expected,
owing to reduced steric interactions associated with the five-
membered rather than six-membered aromatic ring, the struc-
ture of 1i*PFs~ contains a somewhat more planar cation (31.9°).
Finally, we note that the new structures reported here mean that
the 1b and 1h systems join the 1¢ (Y = Fc; R = R' = H) system
[50] as families for which 1*, 1H, and 1, members are all crys-

tallographically characterized.

Electrochemistry

The 1*, 1H, and 1, species were investigated using cyclic vol-
tammetry in THF/0.1 M BuyNPFg at a scan rate of 50 mV s7L
The voltammograms (shown for one series of compounds in

Figure 6) were qualitatively similar to those reported and shown

Beilstein J. Org. Chem. 2023, 19, 1651-1663.

elsewhere for other compounds of the same classes
[9,13,19,24], and the redox potentials are summarized in
Table 1. The cations exhibit features assigned to E(1*/1°) that
are non-reversible owing to the rapid dimerization of 1°. These
values are important in determining the overall thermodynamic

reducing power of the dimers according to:

E17/0.51,) =EQ"/1") + AGys(1,)/ 2F, (1)

where AGiss(13) is the free-energy change for dissociation of
1, to 1° (dissociation energetics are not estimated in the present
work, but have been estimated using DFT calculations for
1b-e; in previous works [8,14] and, in favorable cases, can be
experimentally estimated using electron spin resonance [14] or
using dissociation and dimerization barriers from reaction
kinetics and variable scan-rate electrochemistry, respectively
[54]) and where F is the Faraday constant. Similarly, at least for
cases where the reactive hydrides of 1H derivatives are ulti-
mately lost as Hp, the strength of 1H dopants is given by:

E(1",0.5H,/1H) = E1"/1") +AG4(AH)/ F

2
— AGyies (Hy )/ 2F,

where AGiss(1H) is the free-energy change for dissociation of

1H to 1° and H" (again, not discussed in this work), and

\g

Figure 4: Molecular structures from the single crystal structures of 1bH (upper left), 1gH (upper right), 1ThH (lower left), and 1iH (lower right), shown
with 50% thermal ellipsoids and excluding hydrogen atoms for clarity, except for the hydridic 2-hydrogen atoms (located and refined for 1bH, geomet-

rically placed for the others).

Vel < g

"Y et s

Figure 5: Structures of the cations from the single crystal structures of 1g*I- (left), 1Th*PFg~ (center), and 1i*PFg (right), shown with 50% thermal

ellipsoids and excluding hydrogen atoms and counter anions.

1656



Beilstein J. Org. Chem. 2023, 19, 1651-1663.

.

S e

Current / a. u.

I
o

L

0.5 0.0 -0.5 -1.0

-1.5

-2.0 -2.5

Potential vs. FeCp;/0 IV

Figure 6: Cyclic voltammograms (50 mV s, THF, 0.1 M BuysNPFg) of 1g*PFg~, 1gH, and 193, in each case containing ferrocene as an internal refer:
ence. Black arrows indicate the starting point and scan initial direction for each voltammograms. Note that the oxidation peak of 1g is seen in the
voltammogram of 1g*PFg~ following scanning of the reduction peak, while the reduction peak of the cation is seen in the voltammograms of both 1gH

and 195 following scanning of the irreversible oxidation peaks.

Table 1: Electrochemical potentials (V) for DMBI derivatives?.

Ereq(1*/17) Eox(1H™*/1H) Eox(12/12)

1b (Y = CgHy-4-NMeo; R = R' = H) -2.38° -0.13¢ -0.75b

1c (Y=Fc;R=R' =H) —2.244 -0.06° -0.89d

1d (Y =Rc;R=R'=H) -2.294 -0.07¢ -0.594

1e (Y =cy-CgHi1; R=R' = H) -2.459 -0.06 -0.644

1g (Y = CgHy-4-NMey; R = H; R' = OMe) -2.42 -0.22 -0.87

1h (Y = cy-CgH11; R = H; R' = OMe) -2.56 -0.11 -0.92
—-2.05 -0.22 -

1i (Y = 2-C4H3S-5-NMep; R = R' = H)

ays FeCpy*0 in THF, 0.1 M BusNPFg; Pdata from reference [19]; °data from reference [8];

AG 4iss(Hp) the free-energy change for dissociation of dihydro-
gen. The values of E(1*/1°) are also relevant to the kinetics of
steps in doping reactions that involve 1°, in particular for doping
reactions in which the initial step is dimer dissociation and the
second step is an electron transfer from 1° to SC (or SC*7). The
E(1*/1°) potentials for the Y = 4-dimethylaminophenyl 1b*/1b°

ddata from reference [14]; ®data from reference [50].

and 1g*/1g" systems are both somewhat less reducing than those
for their Y = cyclohexyl counterparts, 1e*/1e* and 1h*/1h’, re-
spectively. These differences are also similar to those previ-
ously seen in the comparison of Y = metallocenyl systems
1c*/1¢® and 1d*/1d° with 1e*/1e° (and in the DFT-calculated
ionization energies of 1c—e) [14,50] and are perhaps surprising
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since 4-(dimethylamino)phenyl and metallocenyl groups are
m-donors, unlike cyclohexyl, and thus might be expected to be
better able to stabilize an adjacent cation. However, aryl and
metallocenyl substituents also stabilize adjacent radicals more
effectively than alkyl groups and this effect is presumably
dominant in the present case. The importance of radical stabi-
lization may in part be because the positive charges in Y = H or
alkyl 1% ions is already substantially stabilized by the
aromaticity of the benzimidazolium ions, whereas the spin
densities of the corresponding 1° radicals are highly localized;
indeed DFT calculations for the Y = alkyl 1e® derivative indi-
cate spin density almost entirely on the 2-position of the five-
membered ring, while for Y = aryl and metallocenyl examples
1b°, 1c’, and 1d" there is substantial spin delocalization onto the
Y-substituents [14,55]. Different extents of deviation from
planarity in cations and radicals, as well as inductive effects,
may also play a role.

The 1i*/1i* (Y = 5-(dimethylamino)-2-thienyl; R = R' = H)
potential is less reducing than that of 1b*/1b* (Y = 4-dimethyl-
aminophenyl; R = R' = H). 5-(Dimethylamino)-2-thienyl] is
more strongly m-donating than 4-dimethylaminophenyl, at least
according to NMR and DFT data for molecules in which the
(hetero)aryl group is more or less coplanar with a m-acceptor
[56], although some tabulated Swain—Lupton substituent con-
stants do suggest phenyl can be a stronger m-donor than thienyl
towards another aryl ring [57]. Presumably inductive effects
destabilizing 1i*, different extents of planarization, and im-
proved radical stabilization by the 5-(dimethylamino)-2-thienyl
susbtituent play a role. As expected, R' = OMe groups on the
six-membered benzimidazolium ring do have a net cation-stabi-
lizing effect, resulting in 1g° and 1h® being more reducing
monomers than their non-methoxylated analogues 1b® and 1e”,

respectively.

Cyclic voltammograms of both 1H and 1, both reveal irre-
versible oxidations (with the corresponding 1* reductions seen
in subsequent reductive cycles, see Figure 6 for examples).
These 1H'*/1H and 1,'*/1, potentials are relevant to the air
stability of the hydrides and dimers, respectively, as well as to
other processes in which 1H or 1, acts as an electron donor,
such as the initation step proposed for the radical-chain dehalo-
genation of a-dihaloketones by a 1H derivative [58] and dimer
n-doping reactions that proceed via the “ET-first” mechanism
(see below). In all cases the dimers are more easily oxidized,
consistent with their greater air sensitivity. The impact of the
Y-substituents on both 1H**/1H and 1,"*/1, potentials is not
straightforward; one would expect m-conjugated substituents to
make little contribution to the HOMO of either 1H or 1, (as
shown in calculated molecular orbitals for several examples
[14,50,55,59,60]) and so the dependence of these potentials on

Beilstein J. Org. Chem. 2023, 19, 1651-1663.

Y is likely to be due to a combination of inductive effects and
perhaps steric effects on the molecular conformation. As ex-
pected, methoxy R' substituents lead to 1TH"*/1H and 1,"*/1,
potentials that are more reducing than those for analogous
species without these groups. 1h, (Y = cyclohexyl, R = H,
R' = MeO) is the most easily oxidized DMBI dimer that we
have examined to date; however, it is a little less easily oxidized
than [RuCp*(1,3,5-Me3CgH3)], (=1.09 V) [61] and, like
[RuCp*#(1,3,5-Me3CgH3)],, can still be handled in air.

Reactivity

To compare the reactivity of the new compounds towards rele-
vant organic semiconductors (SC), we have examined the reac-
tions of the 1H derivatives with the solubilized fullerene
PCgBM (VI, Figure 7) and that of the 1, derivatives with 6,13-
bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene, VII,
Figure 7), since we have previously found that these dopant
class/SC combinations often react on a timescale suitable for
monitoring using UV—vis—NIR spectroscopy (1H derivatives do
not react significantly with VII in solution at room temperature,
while the reactions of 1, derivatives and VI are very rapid)
[9,14,50,61]. Figure 8a compares the evolution of the absor-
bance at 1030 nm, corresponding to a VI’ absorption
maximum, when doping excess VI with 1H derivatives in
chlorobenzene at 293 K in the absence of light, air, and water.
In each case the reaction is apparently first order in dopant,

consistent with the rate law:

d| VI |/ di=k[R][VI] 3)

previously demonstrated for 1bH and VI [9]. The rate con-
stants, k, obtained assuming this rate law are shown in Table 2
(the value for 3b being similar to that previously determined
[9]). One can anticipate, extending the Hammond postulate, that
increased driving forces should correlate with reduced barriers

Si(iPr)3

Si(iPr)3

Vi Vil
PCg/BM TIPS-pentacene

Figure 7: Acceptors used to examine reactivity of DMBI-H and
(DMBI), derivatives.
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Figure 8: a) Temporal evolution of the absorbance at 1030 nm, corresponding to an absorption maximum of VI'~, when PCg1BM (VI, 2.7 mM) is
reacted with different 1H derivatives (0.4 mM) in chlorobenzene at room temperature. b) Temporal evolution of the absorbance at 750 nm, corre-
sponding to one of the absorption maxima of VII*~, when TIPS-pentacene (VII, 0.026 mM) is reacted with different 1, derivatives (0.37 mM) in

chlorobenzene at room temperature.

Table 2: Rate constants for the reaction of DMBI-H derivatives and PCg{BM.

1bH (Y = CgHg-4-NMey; R = R' = H)
1gH (Y = CgHg-4-NMey; R = H; R' = OMe)
1hH (Y = cy-CgH11; R = H; R' = OMe)

1iH (Y = 2-C4H3S-5-NMey; R = R' = H)

and increased rate constants. Values of k do not correlate with
the 1H'*/1H potentials, but, at least when comparing aryl and
alkyl Y substituents and when comparing R' = H and R' = OMe
examples, do correlate with the expected stability of the resul-
tant 1* cations, which is also expected to correlate with the
hydride donor strength of 1H. This is consistent with previous
findings that the first and rate-determining step of several 1H/
SC reactions, including 1H/VI reactions, is not an electron
transfer, but a hydride transfer [8,9]. There is conflicting evi-
dence in the literature regarding the m-donor characteristics of
phenyl and thienyl groups [56,57], while thienyl is more induc-
tively electron-withdrawing [57], as noted in the electrochemi-
cal section; however, the observed rate constants for 1bH and
1iH suggest that 5-dimethylamino-2-thienyl affords less net

charge stabilization than 4-dimethylaminophenyl.

Two reaction pathways have been established for the oxidation
of organometallic and organic dimers. A “cleavage-first” mech-
anism, whereby the dimer is in equilibrium with a small con-
centration of the corresponding odd-electron monomer, which
can then rapidly react with an acceptor such as an organic semi-

conductor (SC) through an exergonic electron transfer (ET), has

k M~ min—"]

0.26
0.48
0.04
0.13

been observed for the reactions of several relatively weakly
bonded dimeric dopants (the Y = metallocenyl DMBI dimers
1c; and 1d; as well as various organometallic dimers) with VII
[14,46,61], as well as in the oxidation of bis(3,5,5-trimethyl-2-
morpholinon-3-yl), 5, (Figure 2), by isatin derivatives [62]. In
the alternative “ET-first” mechanism the first step is an ender-
gonic dimer-to-SC ET; subsequent rapid cleavage of the odd-
electron dimer cation affords the stable monomer cation and an
odd-electron monomer, the latter then undergoing an exergonic
ET to another SC molecule. The “ET-first” mechanism occurs
in parallel with the “cleavage-first” mechanism for many of the
VII doping reactions mentioned above and is the only mecha-
nism seen for dimeric dopants that are more strongly bound
(1ley, as well as various organometallic dimers including
[RuCp*(1,3,5-Me3CgH3)]o) [14,46,61], as well as being ob-
served in different contexts in, for example, the oxidation of 4,
by various quinone derivatives [63]. For both mechanisms, the
first steps are typically rate determining and thus, in general, the
rate law is:

d|sc |iai= 2k [1,] + 2 [1,][sC], @
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where k| and k, are rate constants for the first steps of the
“cleavage first” and “ET-first” pathways respectively, k| being

negligible in the case of strongly bound dimers.

Figure 8b compares the evolution of one of the distinctive
VII *~ absorptions when doping VII with excess 1, derivatives
in chlorobenzene at 293 K in the absence of light, air, and
water. In the case of the Y = 4-dimethylaminophenyl dimers
1b, and 1g;, the VII'~ absorption grows in and then falls
approximately linearly at a comparable rate. This type of plot is
a signature of dimer/VII combinations for which the “cleavage-
first” pathway is important and has previously been seen for the
reactions of VII with 1c¢j, 1d;, (RhCp*Cp),, and one of the
isomers of [RuCp*{1,4-(Me,N),CgHy}]s, all of which are
calculated to be relatively weakly bonded [14,46,61]. Specifi-
cally, this behavior is consistent with a “cleavage-first” mecha-
nism in which the initial cleavage is rate determining and for
which the resultant one-electron monomers are capable of
reducing both VII to VII*~ (=1.55 V) and VII'~ to VII?~
(—1.93 V); since the cleavage is rate determining, VII will be
converted to VII'~ and then, when excess dimer is used, to
VII?- with a comparable rate constant. Indeed spectra obtained
at long-reaction times (see Supporting Information File 1,
Figure S7) are similar to those previously attributed to VII?
[14,46,61], such as the reaction product of VII and Na:K. On
the other hand, when only the “ET-first” mechanism is opera-
tive, the conversion of VII*~ to VII?~ will be much slower, if it
is even observable, than the initial formation of VII'~ from VII
due to the considerably greater endergonicity expected for this
step. This is seen for the solution reaction of 1hjy, where, as in
the case of non-methoxylated analogue 1e;, only the formation
of VII'~ is seen and the growth in its absorbance can be fitted as
first order in VII. Returning to the case of 1bj and 1g,, we note
that the rise in VII'~ absorption is neither zero-order nor first-
order in VII, consistent with both mechanisms contributing, as
previously demonstrated by more extensive investigations in the
case of 1c¢p, 1d;, and (RhCp*Cp); [14,61]. Thus, the Y = alkyl
derivative (1hy, “ET-first” only) appears to be more strongly
bonded than its Y = aryl counterparts (1b,, 1g,, both mecha-
nisms), consistent with previous DFT calculations for 1b, and
le; (AUgiss = 163 and 210 kJ mol ™!, respectively) and with the
expected impact of the different Y substituents on monomer
radical stability. In addition, the reaction of 1hj and VII to form
VII'~ under the conditions used in the present study is com-
plete much sooner than reactions using 1bj or 1g,, consistent
with the ET-first reaction of 3h; being more rapid than that for
either 1b, or 1g,. Furthermore, the presumed “cleavage-first”
reductions of VII'~ to VII?~ proceed only slightly faster for 1g,
than for its non-methoxylated analogue 1b,, suggesting the
OMe groups only slightly weaken the bond in the latter and that

the difference in the rates of formation of VII'~ with these two
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dimers is largely due to differences in the rate of the 1,-to-VII
ET reaction. Furthermore, the ordering of ET-first rates (1hj >
1g, > 1b; > 1e,, that for 1e; being estimated by extrapolating
previously reported parameters to the present conditions of tem-
perature and concentration) reflecting the trend expected based
on the E(15°*/1,) values of Table 1.

It is worth noting that, although we see evidence for the
“cleavage-first” mechanism in the reactions of 1b and 1g, with
VII at these specific concentrations, the “ET-first” mechanism
will dominate these reactions (as well as those of the same
dopants with more readily reduced SCs) under typical doping
conditions, where SC and sub-stoichiometric dimer are mixed
in solution prior to spin-coating at much higher concentrations.
However, as we have previously noted, there are potential
advantages and disadvantages for dimers for which the
cleavage-first pathway is viable and those for which it is not.
For the former class, doping in solution will proceed as long as
E(SC/SC™) is less reducing than E(1*/0.51,), whereas in the
latter this limit can only be reached as long as the 1,-to-SC ET
step is kinetically feasible under the reaction conditions. More-
over, for a given monomer redox potential, E(1*/1%), a weakly
bound dimer will be thermodynamically stronger (Equation 1)
although, in some cases the effects of structural change on
E(1*/1°) and AG 4;s(15) partially cancel one another, as in the
comparison of 1by vs lep or 1g; vs 1hj (i.e., for Y =
4-dimethylaminophenyl, dimers are more weakly bound and
monomers less reducing that for Y = cyclohexyl). Conversely,
the combination of a strongly bound dimer and an acceptor with
E(SC/SC*") with the reach of E(1%/0.515), but sufficiently
cathodic that ET is very slow, could permit activation of doping
by an external stimulus, such as photoexcitation, when desired,

for example subsequent to processing.

Conclusion

In conclusion we have reported a number of new DMBI-H and
(DMBI); reductants and compared their structures, electro-
chemistry, and reactivity with those of previously reported ana-
logues. The structures show similar features to other related
compounds, notably the dimers show long central C—C bonds.
The E(1*/1°) potentials depend strongly on the 2-substituents
(Y), become increasing reducing (more negative) in the order
Y = 5-(dimethylamino)thiophen-2-yl < 4-(dimethylamino)phe-
nyl < cyclohexyl, indicating the effects of radical stabilization
are more important than those of cation stabilization, while the
E(1H"*/1H) and E(1,"*/1,) potentials are less strongly and
clearly affected by the 2-substituents. On the other hand, me-
thoxy R’ substituents lead to more reducing values of E(1*/1%),
E(1H'*/1H), and E(1,"*/15) than for R’ = H analogues. The
reaction rates of 1H with PC¢BM (VI) increase in the order
Y = cyclohexyl < 5-(dimethylamino)thiophen-2-yl < 4-(di-
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methylamino)phenyl and R’ = H < MeO, broadly consistent
with the anticipated influence of these substituents on the
DMBI" stability, as expected for a hydride-transfer reaction.
The rates of reactions of the dimers with TIPS-pentacene (VII)
follow a more complex pattern: examples with Y = cyclohexyl
react solely via an “electron-transfer-first” mechanism, consis-
tent with a relatively strongly bonded dimer, whereas Y =
4-(dimethylamino)phenyl derivatives also react by a “cleavage-
first” mechanism, consistent with a weaker central bond, which
in turn is consistent with stabilization of the monomeric radi-
cals by the 2-aryl substituents. The Y = cyclohexyl, R’ = OMe
dimer reacts most rapidly with TIPS-pentacene via the “ET-
first” mechanism, consistent with this dimer also exhibiting the
most cathodic value of E(15°*/15). Overall, this study gives
insight into how substituents have different effects on the reac-
tivity of DMBI-H derivatives and of (DMBI), species, and may
help provide guidance for dopant selection and for future
dopant design.
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Abstract

Herein, we report the synthesis and characterization of an efficient ambipolar charge-carrier-transporting deep-red fluorophore
(TPECNz) based on a donor—acceptor—donor (D-A-D)-type molecule and its application as a non-doped emitter in an organic
light-emitting diode (OLED). The fluorophore TPECNz contains naphtho[2,3-c][1,2,5]thiadiazole (Nz) as a strong acceptor unit
symmetrically functionalized with N-(4-(1,2,2-triphenylvinyl)phenyl)carbazole as a donor and aggregation-induced emission (AIE)
luminogen. The experimental (solvatochromic and emission in THF/water mixtures studies) and theoretical investigations prove
that TPECNGz retains cooperative hybridized local and charge transfer (HLCT) and weak AIE features. Thanks to its D-A-D-type
structure with a proper twist angle between the D and A units, a strong electron deficiency of the Nz unit, and electron-donating and
hole-transporting natures of carbazole, TPECNz exhibits a strong deep red emission (Aey, = 648 nm) with a high fluorescence quan-
tum yield of 96%, outstanding thermal property (T = 236 °C), and ambipolar charge-carrier-transporting property with a decent
balance of mobility of electrons (1.50 x 1073 cm? V™! s71) and holes (4.42 x 107 cm? V! s71). TPECNz is successfully em-
ployed as a non-doped emitter in an OLED which displays deep red electroluminescent emission peaked at 659 nm with CIE coor-
dinates of (0.664, 0.335)), an EQE .« of 3.32% and exciton utilization efficiency (EUE) of 47%.

Introduction

Recently, organic fluorophores with efficient deep-red/near-in-
frared (DR/NIR) emission properties (Aep, = 650-900 nm) have

received much attention due to their potential applications in

several different fields such as chemosensing [1-3], bioimaging/
biosensing [4-8], photodynamic therapy [9], optical communi-
cation [10], NLO materials [11], laser dyes [12], and DR/NIR
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electroluminescent devices [13-18]. However, DR/NIR chro-
mophores typically suffer from low photoluminescent quantum
yields (PLQY) because of their intrinsic small band-gap energy
causing larger vibronic coupling between the ground and
excited states, particularly when they are applied as emitters in
organic light-emitting diodes (OLEDs) [19]. Therefore, with
such a constrained number of efficient emitters, the current
advance of DR/NIR OLEDs largely trails behind the visible
light emission OLEDs [20,21]. So far, remarkable efforts have
been made in designing new DR/NIR organic fluorophores in
combination with device engineering to build up the perfor-
mance of DR/NIR OLEDs. In general, to realize high fluores-
cence in the DR/NIR region from the organic fluorophores, the
challenges of their pronounced non-radiative processes, and
high planarity and extended m-conjugation lengths which even-
tually favor the undesired formation of poorly emissive molecu-
lar aggregates must be overcome. Alternatively, donor—acceptor
(D-A)-type organic fluorophores have been introduced and suc-
cessfully exploited for the development of fluorophores with
DR/NIR emissions without lengthy extension of their m-conju-
gation systems due to a broadening of both the valence and the
conduction bands and a consequent narrowing of the energy gap
[22-25]. The D—A characters also offer a tunability of optoelec-
tronic properties such as energy levels, optical bandgap (Ey),
and charge-transport properties, which could be done by
selecting different D and A moieties [22,26-28]. In these fluoro-
phores, the emission generally derives from intramolecular
charge-transfer (CT) states at lower energy. Nonetheless, the
formed CT state between D and A in such materials normally
caused a lesser @pp because of the separated frontier molecular
orbitals [29,30]. Recently, the reports by Ma et al. revealed that
by designing suitable twist-angles between D and A and D-A
strength, frontier molecular orbitals of D—A fluorophores are
not completely separated due to overlap between the transition
orbitals [31-33]. In these molecules, the lowest excited state still
shows moderate or large oscillator strengths or a mixing of two
excited-state components, locally excited (LE) state and CT
excited state. This kind of excited state was later known as a
hybridized local and charge transfer (HLCT) state, in which the
CT component can provide a high-lying reversed intersystem
crossing (hRISC) pathway for fast and effective triplet utiliza-
tion in the device, and the LE component can contribute good
PLQY [34-36]. So far, based on this concept, several D—A-type
fluorophores have been designed and investigated including
some DR/NIR materials [37-41]. Inevitably, these materials
displayed high PLQY and exceptional OLED device perfor-
mance [42-45]. Even though the radiative transition rate is im-
proved for the HLCT fluorophores, the non-radiative transition
process is still an obstacle to lowering the PLQY, particularly
for the DR/NIR emitters [20,46]. Therefore, to enhance the per-
formance of HLCT-based DR/NIR fluorophores the non-radia-
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tive transition process of the exited state needs to be resolved.
This could be managed by the molecular design of the D-A
structure. It has been reported that the performance of HLCT
fluorophores greatly depends on the strength of donors, accep-
tors, and 7 spacers and the building blocks of HLCT should be
carefully selected to regulate appropriate electron push—pull
strength [32,35,47,48].

Here, a novel chromophore, 4,9-bis(9-(4-(1,2,2-triphenyl-
vinyl)phenyl)-9H-carbazol-3-yl)naphtho[2,3-c][1,2,5]thia-
diazole (TPECNz), built on a D-A-D type structure
was designed and synthesized (Scheme 1). The D-A-D
configuration was constructed by incorporating a second sym-
metrical donor in the D—A framework, which could further
reduce the energy gap between HOMO/LUMO hybrid orbits
and drive fluorescence emission to longer wavelengths [48,49].
In this molecular design, the strong electron-deficient
naphtho[2,3-c][1,2,5]thiadiazole (Nz) [13,50,51] as an acceptor
and the strong electron-donating carbazole [52] as a donor unit
were used in the D—A-D structure to further reduce the
bandgap, thereby red-shifting the absorption and emission
wavelengths. In addition, the strong electron affinity of Nz and
the electron-donating and hole-transporting ability of carbazole
would build in the good ability to transport electrons and holes,
respectively, providing well-balanced ambipolar characteristics.
On the other hand, the attached 4-(1,2,2-triphenylvinyl)phenyl
(TPE) moiety would induce aggregation-induced emission
(AIE) as feature into the molecule. It was suspected that AIE
would restrain the aggregation-caused quench (ACQ) and the
energy loss through the vibronic coupling natures of the DR/
NIR fluorophores [53]. As a result, TPECNz effectively pos-
sesses a strong deep-red emission with combined HLCT, weak
AIE, and ambipolar transporting properties, which enabled its
application as non-doped emitter. The TPECNz-based non-
doped deep-red OLED realized a maximum external quantum
efficiency (EQEax) of 3.32% with an emission peak at
659 nm.

Results and Discussion

The designed TPECNz molecule was synthesized by a multi-
step reaction as described in Scheme 1. Initially, an Ullmann
coupling reaction of bromo-TPE 1 and carbazole provided TPE-
N-carbazole 2 in good yield (87%). Compound 2 was then con-
verted to the boronic ester intermediate 3 in 41% yield over two
steps: monobromination at the carbazole unit of 2 with NBS/
THF at low temperature giving the unisolated mixed brominat-
ed product followed by borylation with bis(pinacolato)diboron
catalyzed by Pd(dpf)Cl,/KOAc. Finally, TPECNz was ob-
tained as red solid in a reasonable yield by a Suzuki-type cross-
coupling reaction between 3 and 4,9-dibromonaphtho[2,3-

c][1,2,5]thiadiazole. The chemical structure and purity of com-
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i) NBS, THF, 0 °C

ii) bis(pinacolato)diboron
Pd(dppf)Cl,, KOAc,
toluene, heat
41% over two steps

Scheme 1: Synthesis of D-A-D chromophore TPECNz.

pound 3 were verified by "H NMR, !3C NMR, and high-resolu-
tion MALDI-TOF-MS techniques.

To examine the electronic properties of D-A TPECNz, density
functional theory (DFT) calculations at the B3LYP level of
theory with the 6-31G(d,p) basis set were performed. It has
been previously reported that the twist angle of the D-A seg-
ment has a significant role in controlling the CT component in
the HLCT state [54]. A suitable twisted angle (40-80°) allo-
cated an appropriate tuning between the complete m-conjuga-
tion and the pure CT transition character to form the HLCT
state. As depicted in Figure la, the optimized structure of
TPECNz revealed a twisted molecular configuration with dihe-
dral angles of 54-56° between the planes of the terminal
carbazole donors and the Nz acceptor that are beneficial for
the state mixing between the LE and CT states. The lowest

unoccupied molecular orbital (LUMO) was mainly localized on

trans-1,2-diaminocyclohexane
K3POQOy, Cul, toluene, heat
87%

TPECNz

Na”

Pd(PPh3)s, 2 M NaCOg3
THF, heat
58%

the Nz ring, while the highest occupied molecular orbital
(HOMO) was delocalized over the Nz core and the attached
carbazole moieties. There was an overlap between the HOMO
and LUMO orbitals over the Nz fragment, which is likely to
promote the LE component and consequently gives rise to a
faster radiative decay and thus a higher luminescence effi-
ciency. To further figure out excited-state properties of
TPECNGz, the natural transition orbitals (NTOs) of singlet (S)
and triplet (T) excited states were executed based on time-de-
pendent (TD)-DFT calculations at the CAM-B3LYP/6-31G(d)
level of theory. As shown in Figure 1b, the hole and particle of
TPECNz are similar to its HOMO and LUMO orbitals, respec-
tively. The Sg — S; transition with oscillator strength (f) of
0.476 clearly showed HLCT transition characteristics, in which
a certain overlap between hole and particle wavefunctions on
the Nz ring represented for LE component inducing a high lu-

minescence efficiency, while a significant spatial separation be-
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S -5,
£=0.467; 96% | LE+CT

Particle

Figure 1: a) The optimized structure and HOMO/LUMO distributions calculated by B3LYP/6-31G(d,p) method. b) The natural transition orbits (NTOs)

of the Sp — Sy transition computed by CAM-B3LYP/6-31G(d) method. The

tween hole and particle wavefunctions considered for CT com-
ponent promoting RISC process along high-lying excitation

state for enhancing an exciton utilization efficiency (EUE).

The photophysical properties of TPECNz were studied in solu-
tion, thin film, and solid powder. As shown in Figure 2a, the
UV-vis absorption spectrum in diluted toluene solution displays
intense absorption peaks in the high energy region (<380 nm)
and a much weaker absorption peak at 508 nm attributed to the
m—mr* transition of the conjugated aromatic backbone and intra-
molecular charge-transfer (ICT) transition from carbazole donor
to Nz acceptor, respectively. Such weak ICT absorption peak
(e = 17,000 M~! cm™!) as compared to the m—m* absorption
peak (e = 95,300 M~ cm™!) symbolizes a weak electronic cou-
pling between the carbazole donor and the Nz acceptor parts

because of the twisted configuration between them as observed

104 — solution

¢ (10* mol' cm™)
PL intensity (a.u.)

0 0

0

3(|)0 4(I)O 560 6(I)O 7(I)O 860 90
Wavelength (nm)

percentage is the proportion of transition and f is the oscillator strength.

in the optimized structure (Figure la) [47]. In solution,
TPECNz exhibits a strong deep-red emission with the PL spec-
trum (Aep, = 648 nm) described by a broad PL band (FWHM =
120 nm) that reflects the corresponding ICT absorption band
well, featuring no significant vibronic structure, and a consider-
ably large Stokes shift of 140 nm. The UV-vis absorption and
PL spectra of spin-coated films were similar to those of dilute
solutions. Based on the onset energy of this UV-vis spectrum,
the optical band gap (Eg"pt) was estimated to be 2.04 eV.
TPECNz in thin film and solid powder also displayed deep-red
emission observed by PL maxima at 668 and 665 nm, respec-
tively (Figure 2b). As listed in Table 1, the TPECNz solution
shows an excellent absolute PL quantum yield (PLQY) of 96%,
whereas the spin-coated thin film exhibits a red-shifted spec-
trum with the PLQY dropped to 35% due to intermolecular

interactions. However, the emission efficiency of the molecule

b) .

14 — thin film
S —— powder -1
s
: . :
‘® ©
: N
2 2
£ ‘@
g 8
= c
e o
2 o
e
<

O T T T T T T I 0

300 400 500 600 700 800 900

Wavelength (nm)

Figure 2: UV-vis absorption and PL spectra in a) toluene solution (=1 x 10=° M) and b) thin film spin-coated on fused silica substrate and solid
powder (insert: fluorescence images of the solution, thin film, and solid powder under UV light at 356 nm).
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Table 1: Optical and physical data of TPECNz.

PLQY (%)
sol3/filmP/solid®

Kilky,

T (ns)d v
(1 07 s—1 )a

ApL (nm)
sol3/filmP

sol?/filmb/solid®

648/668/664 13.4/11.1 96/35/64 7.16/0.30

Beilstein J. Org. Chem. 2023, 19, 1664-1676.

KilKnyr Eqpvs EOPYESSe HOMO/LUMO

(107 s71)b Ag/Agt (V)f (eV)9 (ev)n

3.15/5.86 -1.26,1.05, 2.04/2.17 -5.44/-3.40
1.47,1.72

aMeasured in diluted toluene solution (1 x 10-2 M); Pmeasured in thin film; °measured in solid powder; dtransient PL decay lifetime with excitation at
475 nm; €absolute PL quantum yield measured by an integrating sphere; fobtained from differential pulse voltammetry (DPV) peak; 9band-gap energy
from UV absorption (E°P!) and electrochemical (Ege'e) results; Ncalculated from HOMO (eV) = —(4.44 + Egnset®) and LUMO (eV) = HOMO + EgoPt.

is enhanced in the solid powder form with a PLQY of 64%
owing to its AIE nature.

To gain more information about the effect of the solvent on the
optical properties of TPECNz, the absorption and emission
behaviors were investigated in several solvents as illustrated in
Figure 3a. The results showed that, while the UV—-vis absorp-
tion spectra were nearly unaffected by the nature of the solvent

due to the LE nature, the emission spectra exhibited a notice-
able positive solvatochromism, with maxima shifting towards
longer wavelengths with increasing solvent polarities. Particu-
larly, the maximum PL peaks in low polar solvents showed
little shifts because of the LE character, whereas red shifts of
the PL maxima apparently occurred in higher polar solvents due
to CT excited state; therefore, the molecule contains both the
intrinsic LE and CT excited states or demonstrates HLCT char-

a) - ——Xxylene
314 1 ——toluene
& Abs ——dioxane
2 | —TEA
@ —— CHCl,

[<}]

< —— ether

: —EA

a —THF

.S —DCM

= — DMF

s —— acetone

2 ——ACN

< 0

300 400 500 600 500 600 700 800
Wavelength (nm) Wavelength (nm)
——toluene
7000 -+ —— ether
& ) — CHCl,
) 1075 —ACN
£ 0°097 2 — thin film
< =
» o
@ 6000 o
= 10"
S
? 5500 4
5000 : : . 10°4 . . . .‘ .
0.0 0.1 0.2 0.3 0 20 40 60 80 100
AF Time (ns)

Figure 3: a) Normalized UV-vis absorption/PL spectra in different solvents. b) Lippert—Mataga plot of Stokes shift vs solvent polarity function (Af).
c) Transient PL decay traces in various solvents and thin film. IRF = instrument response function.
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acteristics. Besides, the Stokes shifts between absorption and
emission spectra were plotted as a function of solvent polarity
function (Af) corresponding to the Lipper—Mataga model which
defines the interactions between the solvent and dipole moment
of the chromophore (Figure 3b). The Lippert—-Mataga plot
showed two linear slopes indicating the presence of two differ-
ent excited states in the molecule. In the high-polarity region,
the excited-state dipole moment (p.) was 19.04 D, which was
close to that of a typical CT molecule 4-(N,N-dimethyl-
amino)benzonitrile (e = 23 D) [55], suggesting a CT state-
dominated character in high-polarity solvents. Besides, in the
low-polarity region, the p, value was 5.49 D, which is slightly
higher than the ground-state dipole moment (ug = 1.30 D) esti-
mated using B3LYP/6-31G(d,p) calculation. Nevertheless, this
value was significantly smaller than that of the high-polarity
region, indicating that the S; state in low-polarity solvents
contained both CT and LE components simultaneously, which
underwent interstate coupling forming a new HLCT emissive
state. Additionally, transient PL decay spectra of TPECNz in
solvents of different polarities showed a single exponential
decay in nanosecond ranges (Figure 3c), signifying that the
excited state responsible for the PL emission originates from the
hybridization between LE and CT excited states or HLCT state,
not a simple mix-up of the two states [56].

Furthermore, to further understand the PLQY of the molecule in
solution and thin film, the radiative rate constant (k,) and non-
radiative rate constant (k,;) were calculated from the PLQY
values and PL lifetimes (1) according to Equation 1 and Equa-
tion 2.

ke =—= (1)

Beilstein J. Org. Chem. 2023, 19, 1664-1676.

Opy, = 2)

k. +k

T nr

As can be seen from Table 1, the k. of TPECNz in solution is
larger than k,,;, which is consistent with the the observerd high
PLQY in solution. On the other hand, k;; of TPECNz in thin
films is significantly higher than the k;; of solution, explaining
the drop of PLQY in thin films as compared to the PLQY in
solution. However, the moderate PLQY in thin films still makes
TPECNZz suitable for the deep-red OLEDs.

In addition, the AIE characteristic of TPECNz was further in-
vestigated by observing its PL emissions in water/THF mix-
tures with different water fractions (f,, = 0-95%). In such
diverse solvent mixtures, the molecule will demonstrate differ-
ent degrees of aggregation since it can dissolve really well in
THF but is insoluble in water, resulting in colloidal nanoaggre-
gates being formed in solutions with high water contents. As
shown in Figure 4a and 4b, in pure THF, TPECNz deep-red
emission color with the PL peaked at 658 nm. With the increase
of f,,, the PL emission maxima suddenly dropped. At f,, = 40%,
the PL intensity reached the lowest point, as well as the PL peak
being red-shifted. This could be attributed to the twisted ICT
emission characteristics of the molecule described by a red-
shifted PL emission and a weakened emission intensity with the
increased solvent polarity [57,58]. As the f,, was further raised
to 95%, the PL emissions became more intense and were blue-
shifted. This was attributable to the formation of nanoaggre-
gates and suppression of the ICT process. This finding proves
that both TPECNz is an AlE-active fluorophore, however, the
AIE effect in TPECNz might not be as strong as for the stan-

dard AIE molecules, whose emissions are completely quenched

a) 5 Water fraction (f,) b)
7x10° 1 O&) 1.0 = 0% 95%
6x10° —10%
—20%
>
= 5x10°+ ——30% 0.9
s 40% o
[}] 5 ] -
£ 410 500 =
g 3x10°- —80%  ogf |
—70%
2x105 —80% \ . e
——90% e
1x10° —95% 0.7
O T T T T T T T T T
500 600 700 800 0 20 40 60 80 100

Wavelength (nm)

Water fraction (f,)

Figure 4: a) PL spectra in THF/water mixtures (5 uM) with different water fractions (fy,). b) Plot of relative PL intensity (//lp) vs % of water fraction (fy)
(insert: photographs of the solutions @ f,, of 0% and 95% taken under UV illumination).
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in solutions and brightened by aggregate formation, as a result
of the restriction of intramolecular motions (RIM) caused by
intermolecular steric interaction [53]. The weak AIE character-
istic of TPECNz in the aggregate state could be attributed to
the competition between the twisted ICT and AIE properties in
the molecule [57,58].

The thermal properties of TPECNz were studied by thermo-
gravimetric analysis (TGA) and differential scanning calorime-
try (DSC) under N, atmosphere at a scanning rate of
10 °C min~!. As displayed in Figure 5a, the compound has a
high thermal stability with a decomposition temperature at 5%
weight loss (T54) of 498 °C, a glass transition temperature (7)
of 236 °C, and a melting temperature (7},,) of 376 °C. The high
T, may enhance the morphological thin film stability and film
integrity of TPECNz during device fabrication. While the high
Ty, suggests that TPECNz can withstand the latent heat gener-
ated during the device fabrication and operation. These results
signaled that TPECNz may be suitable for optoelectronic
devices. The electrochemical behavior of TPECNz was
analyzed by cyclic voltammetry (CV) and differential pulse vol-
tammetry (DPV) in CH;Cl, containing 0.1 M n-BuyNPFg as a
supporting electrolyte. As illustrated in Figure 5b, the molecule
shows multiple quasi-reversible oxidation and reduction behav-
ior in the potential window from —1.5 eV to 2.0 eV. The reduc-
tion wave appeared at a half-wave potential (E}») of —=1.26 eV
assigned to the reduction of an electron-deficient Nz core as ob-
served in the calculated LUMO orbital [39]. The first oxidation
wave occurred at E/; of 1.05 eV and was ascribed to the oxida-
tion of the m-conjugated backbone along the Nz core and end-
capped carbazole moieties as seen in the computed HOMO
orbital, while the second oxidation wave at £, of 1.47 eV was

attributed to the oxidation of the m-conjugated TPE—carbazole
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fragment as depicted in the calculated HOMO-1 orbital. In ad-
dition, the oxidation and reduction onsets of TPECNz were
1.00 eV and —1.17 eV, respectively. Hence, the electrochemical
energy gap (Egele) defined as the difference between the oxida-
tion and reduction onset potentials was calculated to be 2.17 eV,
which is slightly higher than the EgOpt estimated from the
UV-vis absorption onset (Table 1). The HOMO energy level
was calculated from the oxidation onset potential to be
—5.44 eV. Further, the calculated LUMO energy level was
found to be —3.40 eV. The relatively low LUMO level of
TPECNz is conceivably associated with a high electron defi-
ciency of the Nz moiety originating from its localized distribu-
tion of electrons and the high electronegativities of the N and S
atoms, whereas its high HOMO level is attributed to the elec-
tron-donating property of the attached carbazoles and the
m-conjugation of the carbazole-Nz—carbazole fragment. Such
proper energy levels will benefit the efficient charge injections
from the electrodes in OLEDs.

To evaluate charge-carrier mobility in TPECNz, hole (uy,) and
electron (ue) mobilities were initially measured using metal-
insulator-semiconductor (MIS) diodes in combination with
charge extraction in linearly increasing voltage (CELIV) or
MIS-CELIV technique [59-61]. Electron- and hole-only MIS
devices were fabricated with the structures of indium tin oxide
(ITO)/magnesium fluoride (MgF,) (20 nm)/TPECNz (100 nm)/
lithium fluoride (LiF) (1 nm)/aluminum (Al) (100 nm) and ITO/
MgF, (20 nm)/TPECNz (100 nm)/molybdenum trioxide
(MoO3) (6 nm)/Al (100 nm), respectively (Figure 6a), where
the MgF, layer was employed as an insulator. During the mea-
surements, varied maximum voltages were applied during the
pulse for extracting the charges while keeping the pulse dura-

tion and offset voltage of 10 us and 5 V for the electron-only

15-1.0-05 00 05 1.0 15 2.0
Potential vs Ag/Ag* (V)

Figure 5: a) DSC and TGA thermograms measured at a heating rate of 10 °C min~" under N, flow. b) Cyclic voltammogram (CV) and differential
pulse voltammogram (DPV) analyzed in dry CHxCl, at a scan rate of 50 mV s~' under an argon atmosphere (insert: HOMO/HOMO-1/LUMO orbitals).
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Figure 6: a) Schematic structure of the hole-only and electron-only MIS devices. b) Electric-field dependence of the hole and electron mobilities.
Transient signals at different applied maximum voltages for c) electron-only MIS device and d) hole-only MIS device.

MIS device and 15 ps and =5 V for the hole-only MIS device,
respectively, and their MIS-CELIV signal transient plots as a
function of time are shown in Figure 6¢ and 6d. As the applied
voltage increased, it was found that the transient peak shifted to
slightly shorter times indicating an increasing carrier mobility.
The hole and electron mobilities (1) were calculated and plotted
as a function of electric field (EV/2). As illustrated in Figure 6b,
the mobility (u) of both holes and electrons is electric field de-
pendent and gradually increases on increasing the electric field,
which is explained as the Poole—Frenkel effect obeying the rela-
tionship, log u e E2 [59]. The measured mobilities of the
holes (py) and electrons (ue) of TPECNz thin film at
950 (V em™HV2 electric field were 4.42 x 107% and
1.50 x 107 cm? V~! 571, respectively. This result suggested
that TPECNz was an ambipolar material with the mobility of
electrons somewhat greater than that of holes. The pronounced
ability of TPECNz to transport electrons could be accredited to

a strong-electron affinity of the Nz core, while its ability to

transport holes could be derived from the attached carbazole
moieties.

To evaluate the electroluminescent (EL) performance of
TPECNz, non-doped OLED employing TPECNz as an emis-
sive layer (EML) was fabricated through thermal evaporation of
the optimized device configuration of 1TO/1,4,5,8,9,11-hexa-
azatriphenylene-hexacarbonitrile (HAT-CN) (6 nm)/N,N'-
bis(naphthalen-1-yl)-N,N'-bis(phenyl)benzidine (NPB) (30 nm)/
tris(4-carbazoyl-9-ylphenyl)amine (TCTA) (10 nm)/TPECNZ
(60 nm)/1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene
(TPBi) (40 nm)/LiF (1 nm)/Al (100 nm), in which ITO and Al
served as anode and cathode, respectively (Figure 7a). Herein,
HAT-CN and LiF were used as the hole- and electron-injection
layers, respectively, NPB and TPBi were applied as the hole-
and electron-transporting layers, respectively, and TCTA owing
to its high-lying LUMO energy level (LUMO = 2.3 eV) and low

electron mobility was utilized as an electron-blocking layer
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Figure 7: a) Schematic energy diagram of OLED and organic materials used in the device. b) EL spectra at various applied voltages. c) Current den-
sity—voltage—luminance (J-V-L) characteristics. d) External quantum efficiency—luminance (EQE-L) plot (insert: photograph of OLED under opera-

tion).

[62]. Owing to a narrow band gap stemming from its strong
D-A characteristic, TPECNz-based non-doped OLED success-
fully displayed deep-red emission with a maximum EL peak at
659 nm and Commission Internationale de L’Eclairage (CIE)
coordinates of (0.664, 0.335), which were very close to the stan-
dard red CIE coordinates of (0.67, 0.33) [63]. The device
demonstrated high emission stability with EL spectra under dif-
ferent operating voltages (6—9 V) revealing an unchanged
profile with a single emission band (Figure 7b), indicating the
recombination zone of the excitons confined inside the EML.
No emission peaks at low wavelengths from the supporting
layers (NPB at 440 nm [64], TCTA at 410 nm [65], and TPBi at
390 nm [66]) and at longer wavelengths due to the excimer/
exciplex emissions at the interfaces of NPB-TCTA/EML and
EML/TPBi were observed, signifying that the OLED possessed

a well-balanced electron and hole transport. Moreover, due to

the efficient ambipolar charge-carrier-transporting property of
TPECNz EML and good charge balance in the device, the non-
doped OLED was turned on at a low voltage of 3.2 V and
achieved decent device EL performance as presented in
Figure 7c and 7d. The device exhibited a maximum luminance
(Lmax) of 7430 c¢d m™2, a maximum external quantum effi-
ciency (EQE,x) of 3.32%, and a maximum luminance effi-
ciency (LEax) of 2.87 cd A7l with a little efficiency roll-off of
9% at 1000 cd m~2. Furthermore, its exciton utilization effi-
ciency (EUE) was calculated using EUE = EQE/(ngyt X Nyec X
PLQY) (light outcoupling efficiency: ngy = 20%, PLQY in a
thin film = 35%, and charge recombination: . = 100%) to be
47%. This EUE was higher than the 25% theoretical upper limit
of spin statistics for typical fluorescent emitters, indicating that
the triplet excitons have been utilized via an HLCT mechanism

to contribute to the EL in this device.
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Conclusion

In summary, a new D—A-D-type fluorophore as a deep-red
emitter has been designed and synthesized by exploiting a
strong electron-accepting naphtho([2,3-c][1,2,5]thiadiazole (Nz)
as A unit and N-(4-(1,2,2-triphenylvinyl)phenyl)carbazole as D
unit. The integration of 4-(1,2,2-triphenylvinyl)phenyl (TPE)
moiety as an AIE luminogen helped to provide the fluorophore
with AIE feature, while its D-A-D structure with a proper twist
angle (54-56°) between the Nz acceptor and carbazole donor
promotes a state mixing between close-lying LE and CT states
or HLCT property. The combined characteristics of HLCT and
weak AIE were clearly evidenced by a solvatochromic study,
emission in THF/water investigation, and theoretical calcula-
tions. These synergetic properties could benefit for effective
utilization of excitons in the OLED. A collaborative conse-
quence of its D-A-D-type structure, a strong electron affinity of
Nz unit, and electron donating and hole-transporting properties
of carbazole nurtured the molecule to exhibit an intense deep-
red emission with decent PL quantum yield, superior thermal
property, and ambipolar charge-carrier-transporting property
with a good balance of mobility of electrons and holes, which
were desirable properties for OLED application. It was effi-
ciently utilized as a non-doped emitter in OLEDs. The device
presented a strong deep-red electroluminescent (EL) emission
(peak at 659 nm and CIE coordinates of (0.664, 0.335)) with a
maximum luminance of 7430 cd m™2, EQE1ax of 3.32%, and
EUE of 47%. This work successfully established that an
ambipolar D—A-D-type fluorophore having combined
AIE-HLCT features could be a promising design to develop
future deep-red or near-infrared OLEDs.

Experimental

Materials and Methods

All chemical reagents and solvents were purchased from com-
mercial resources and used without further purification.
'H NMR and !3C NMR spectra were recorded with a Bruker
AVANCE III HD 600 (600 MHz for 'H and 151 MHz for '3C)
using CDClj as a solvent containing TMS as an internal stan-
dard. High-resolution mass spectrometry (HRMS) analysis was
performed using either a Bruker LC-Quadrupole-Time-of Flight
tandem mass spectrometer or a Bruker Autoflex MALDI-TOF
mass spectrometer. UV—vis spectra were recorded using a
Perkin Elmer Lambda 1050 UV-vis—NIR spectrometer. Lumi-
nescence emission spectra and lifetimes were analyzed using an
Edinburgh Instruments FLS980 Spectrometer. Absolute PL
quantum yield (PLQY) was measured using a calibrated inte-
grating sphere incorporated with Edinburgh Instruments
FLS980 Spectrometer. Electrochemical studies were carried out
using an Autolab PGSTA101 potentiostat equipped with three
electrodes (Pt, glassy carbon, and Ag/AgCl) in dry CH,Cl, con-
taining 0.1 M n-BuyNPFq as a supporting electrolyte under
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argon. Thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) were recorded using a Rigaku
STAS8122 thermogravimetric analyzer and a PerkinElmer
DSC 8500 Lab System, respectively. Melting points were
measured using a Kriiss KSP1N melting point meter and are
uncorrected.

Quantum chemical calculations were executed using the
Gaussian 16 package [67]. Density functional theory (DFT)
calculations at the B3LYP level of theory with the 6-31G(d,p)
basis set were performed to realize the ground state geometry,
HOMO and LUMO distributions, and HOMO and LUMO
energy levels. Natural transition orbitals (NTOs) were
calculated for the excited states using time-dependent
(TD)-DFT calculations at the CAM-B3LYP/6-31G(d) level of
theory.

Device fabrication and testing

The patterned ITO-coated glass substrate with a sheet resis-
tance of 12 Q sq~! was pre-cleaned carefully and cured with
UV/O3 for 20 min. The OLED with an active diode area of
0.04 cm™2 was fabricated using a Kurt J. Lasker mini SPEC-
TROS 100 thin film deposition system under vacuum condi-
tions with a base pressure lower than 1 x 107 bar and a ther-
mal evaporation rate of 0.2-0.3 A s7! for MgF,, HATCN, NPB,
TCTA, TPECNz, and TPBi, 0.05-0.1 A s7! for LiF, and about
1 A s7! for Al layer. The thickness of each layer was monitored
by a quartz oscillator thickness sensor. All devices were
measured without encapsulation under an ambient atmosphere
at room temperature. They were analyzed by a Keithley 2400
source meter, a Hamamatsu Photonics PMA-12 multichannel
analyzer, and an integrating sphere equipped with a Hama-
matsu Photonics C9920-12 EQE measurement system. The hole
and electron mobility were investigated using MIS-CELIV
measurement. A pulse delay generator (Stanford Research
System DG535) and a single channel arbitrary/function gener-
ator (AFG 3021B) were used to generate the CELIV triangle
pulse with adjustable voltage slope and offset, as well as ampli-
fied the signal by WMA-320 high voltages amplifier. For
photo-CELIV, a delay generator (Stanford Research System
DG535) was also used for pulse synchronization along with
an LED driver (THORLABS, LEDD1B). The signal was re-
corded by a 3-series mixed domain oscilloscope (Tektronix,
MDO32).

Synthesis of 9-(4-(1,2,2-triphenylvinyl)phenyl)-9H-carbazole
(2): [68] A mixture of 1 (2.00 g, 4.86 mmol), carbazole (2.44 g,
14.58 mmol), K3PO4 (5.17 g, 24.313 mmol), *-trans-1,2-
diaminocyclohexane (1.46 mL, 12.17 mmol) and Cul (1.85 g,
9.72 mmol) in dry toluene (50 mL) was degassed with N, for

10 min. The reaction mixture was stirred at reflux under N, at-
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mosphere for 18 h. After being cooled to room temperature, the
mixture was diluted with water (100 mL) and extracted with
CH;Cl, (50 mL X 3). The combined organic layer was washed
with water, brine solution, dried over anhydrous Na;SOy,
filtered, and concentrated under reduced pressure. The crude
product was then purified by column chromatography over
silica gel eluting with CH,Cly/hexane 1:4 to give white solids
(2.11 g, 87%). '"H NMR (600 MHz, CDCl3) 8 8.12 (d, J =
7.7 Hz, 2H), 7.40 (t, J = 7.8 Hz, 2H), 7.34 (d, J = 8.2 Hz, 2H),
7.28 (t, J = 8.0 Hz, 4H), 7.24 (d, J = 8.1 Hz, 2H), 7.21-7.07
(m, 15H); 13C NMR (151 MHz, CDCl3) & 143.55, 143.41,
143.30, 142.94, 141.84, 140.74, 140.12, 135.68, 132.67, 131.42,
131.37, 131.32, 127.85, 127.77, 127.72, 126.73, 126.69, 126.62,
126.12, 125.83, 123.32, 120.25, 119.84, 109.80;
HRMS-APCI-TOF (m/z): [M + H]* caled for C3gHogN,
498.2216; found, 498.2233.

Synthesis of 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
9-(4-(1,2,2-triphenylvinyl)phenyl)-9H-carbazole (3): A
round-bottomed flask containing a solution of compound 2
(1.81 g, 3.63 mmol) in THF (200 mL) was covered with
aluminum foil and cooled in an ice bath. A solution of NBS
(646 mg, 3.63 mmol) in THF (100 mL) was added dropwise
into the solution over a period of 2 h, while monitoring
the reaction by TLC (CH,Cly/hexane 1:4). Then, the reaction
was quenched with water (100 mL) and the mixture extracted
with CH,Cl, (50 mL x 3). The combined organic layer was
washed with water, brine, dried over anhydrous Na;SOy,
filtered, and concentrated under reduced pressure. The residue
was crystallized from CH,Cl,/methanol to obtain compound 3
as a mixture with unreacted starting material and dibrominated
product which was used in the next step without further purifi-
cation. White solid (1.34 g, 2.32 mmol). HRMS-APCI-TOF
m/z: [M + H]" calcd for C3gHogN, 498.2216; found, 498.2217;
[M + H]* calcd for C3gHy7BrN, 576.1321; found, 576.1331;
[M + HJ* calcd for C3gHpgBroN, 654.0427; found, 654.0438.

The mixture of the above crude product (1.00 g), bis(pinaco-
lato)diboron (881 mg, 3.47 mmol), KOAc (2.04 g,
20.81 mmol), and Pd(dppf)Cl, (70.8 mg, 0.087 mmol) in dry
toluene (50 mL) was degassed with Nj for 10 min. The reac-
tion mixture was stirred at a refluxing temperature under N, at-
mosphere for 48 h. After being cooled to room temperature, the
mixture was diluted with water (100 mL) and extracted with
CH;Cl, (50 mL X 3). The combined organic layer was washed
with water, brine, dried over anhydrous Na,SQOy, filtered, and
concentrated under reduced pressure. The crude product was
then purified by column chromatography over silica gel eluting
with CH,Cly/hexane 3:7 to give compound 3 as white solid
(928 mg, 41% over two steps). 'H NMR (600 MHz, CDCl3) &
8.61 (s, 1H), 8.15 (d, J = 7.7 Hz, 1H), 7.85 (d, J = 8.2 Hz, 1H),
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7.39 (t, J = 7.7 Hz, 1H), 7.34-7.22 (m, 7H), 7.22-7.04 (m,
15H), 1.40 (s, 12H); '3C NMR (151 MHz, CDCl3) & 143.54,
143.38, 143.24, 143.13, 142.88, 141.95, 140.91, 140.13, 135.48,
132.70, 132.35, 131.43, 131.38, 131.32, 127.88, 127.77, 127.73,
127.70, 126.75, 126.72, 126.65, 126.15, 125.86, 123.54, 123.06,
120.50, 120.25, 109.83, 109.19, 83.66, 24.95;
HRMS-APCI-TOF (m/z): [M + HJ* caled for Cq4H39BNO,,
624.3068; found, 624.3078.

Synthesis of 4,9-bis(9-(4-(1,2,2-triphenylvinyl)phenyl)-9H-
carbazol-3-yl)naphtho[2,3-c][1,2,5]thiadiazole (TPECNz): A
mixture of 3 (834 mg, 1.34 mmol), 4,9-dibromonaphtho[2,3-
c][1,2,5]thiadiazole (200 mg, 0.58 mmol), Pd(PPh3)4 (80.6 mg,
0.070 mmol) and 2 M Na,COs3 (8.7 mL, 17.44 mmol) in THF
(50 mL) was degassed with N; for 3 min. The reaction mixture
was stirred at refluxing temperature under N, atmosphere for
48 h. After being cooled to room temperature, the mixture was
diluted with water (100 mL) and extracted with CH,Cl,
(50 mL x 3). The combined organic layer was washed with
water, brine, dried over anhydrous Na,;SOy, filtered, and
concentrated under reduced pressure. The crude product was
then purified by column chromatography over silica gel eluting
with CH,Cly/hexane 3:7, followed by recrystallization from a
CH,Cl,/methanol mixture to obtain TPECNz as red solid
(396.0 mg, 58%). Mp > 360 °C; 'H NMR (600 MHz, CDCl3) &
8.43 (s, 2H), 8.15 (td, J = 7.1, 3.5 Hz, 4H), 7.74 (dd, J = 8.3,
1.7 Hz, 2H), 7.60 (d, J = 8.3 Hz, 2H), 7.45 (t, J = 7.6 Hz, 2H),
7.41 (t, 6H), 7.35 (dd, J = 7.2, 3.2 Hz, 2H), 7.30 (d, J = 8.3 Hz,
6H), 7.24-7.07 (m, 30H); 13C NMR (151 MHz, CDCl3) &
152.04, 143.54, 143.40, 143.29, 143.19, 141.93, 141.27, 140.62,
140.10, 135.60, 132.78, 132.46, 131.43, 131.38, 131.31, 130.75,
129.14, 128.16, 127.87, 127.81, 127.72, 127.43, 126.78, 126.71,
126.63, 126.22, 126.17, 123.56, 123.35, 123.21, 120.53, 120.11,
110.03, 109.89; HMRS—-MALDI-TOF (m/z): [M]" calcd for
CggHsNyS, 1176.4226; found, 1176.4221.

Supporting Information

Supporting Information File 1

Energy diagram of singlet and triplet excited states
estimated by CAM-B3LYP/6-31G(d,p) calculations and
copies of "H NMR, '3C NMR, and HRMS spectra of the
synthesized compounds.
[https://www.beilstein-journals.org/bjoc/content/
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This review article provides a comprehensive overview of recent advancements in electron transport materials derived from quinox-

aline, along with their applications in various electronic devices. We focus on their utilization in organic solar cells (OSCs), dye-

sensitized solar cells (DSSCs), organic field-effect transistors (OFETs), organic-light emitting diodes (OLEDs) and other organic

electronic technologies. Notably, the potential of quinoxaline derivatives as non-fullerene acceptors in OSCs, auxiliary acceptors

and bridging materials in DSSCs, and n-type semiconductors in transistor devices is discussed in detail. Additionally, their signifi-

cance as thermally activated delayed fluorescence emitters and chromophores for OLEDs, sensors and electrochromic devices is

explored. The review emphasizes the remarkable characteristics and versatility of quinoxaline derivatives in electron transport ap-

plications. Furthermore, ongoing research efforts aimed at enhancing their performance and addressing key challenges in various

applications are presented.

Introduction

Organic semiconductors have emerged as a fascinating class of
materials with significant implications for numerous scientific
disciplines, including electronics, photonics, and energy conver-
sion. These materials, composed of carbon-based molecules or
polymers, offer remarkable flexibility, tunability, and process-

ability compared to their inorganic counterparts [1,2]. Charge

transport in organic semiconductors is a fundamental aspect that
governs the performance and functionality of various organic
semiconductor devices, such as organic solar cells (OSCs),
organic field-effect transistors (OFETs), organic light-emitting
diodes (OLEDs), and bio/chemo-sensing devices. The move-

ment of charge carriers through these materials occurs via a
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complex interplay of electronic, structural, and energetic phe-
nomena, presenting intriguing challenges and opportunities for

scientific exploration [3,4].

Quinoxalines (Qxs) have emerged as a promising class of
heterocyclic compounds for charge transport applications,
owing to two crucial factors. Firstly, their structural diversity
enables precise customization of molecular structures, allowing
for fine-tuning of their properties and optimization of perfor-
mance for specific applications. Secondly, the feasibility of
synthesizing quinoxalines contributes immensely to their
appeal. Qxs can be readily prepared through simple condensa-
tion reactions, enabling convenient experimental studies and
cost-effective bulk production [5]. The availability of inexpen-
sive and accessible starting materials further enhances the prac-
ticality and commercial viability of Qxs for charge transport ap-
plications [6-10]. Figure 1 shows a few Qx scaffolds used in de-
velopment of Qx derivatives.

The utilization of Qxs as a charge transporting material,
whether as a hole transport material (HTM) or an electron trans-
port material (ETM), is largely dependent on its functionaliza-
tion. Although the Qx material has primarily been recognized
for its effectiveness in hole transport, several studies have
unveiled its significant potential as an ETM [6,7,11,12], exhibit-

Beilstein J. Org. Chem. 2023, 19, 1694-1712.

ing desirable characteristics such as high electron mobility and
efficient charge transfer. In particular, Qx derivatives find use
as non-fullerene acceptors (NFAs) in OSCs and as essential
building blocks in sensitizers for DSSCs. The significance of
Qx extends beyond to thermally activated delayed fluorescence
(TADF) emitters and chromophores in the development of
organic light-emitting diodes (OLEDs), sensors, and elec-

trochromic devices [8,13,14].

In this review, we have comprehensively examined the recent
advancements of Qx-derived ETMs in various applications
within the organic semiconductor device field over the past five
to six years. Furthermore, we have briefly discussed the integra-
tion of Qx derivatives into relevant materials to enhance elec-
tron transport. The review also sheds light on future research
directions and potential challenges in this area, emphasizing the
importance of further exploration and innovation. Overall, this
review presents a first detailed account of the electron transport
properties of Qx derivatives in recent times, offering valuable

insights into their potential as promising ETMs.

Review

Quinoxalines as polymer acceptors
The development of efficient and high-performing polymer ma-
terials based on Qxs is of significant interest in the field of

P
zZ

P4
=
S
P4
P4
-z
>
=z

Figure 1: Structures of some of the most versatile Qx scaffolds; dashed lines indicate the substitution sites for core expansion.
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organic electronics. A compelling indication of this potential is
the remarkable achievements made by a relatively simple
polymer, poly[(thiophene)-alt-(6,7-difluoro-2-(2-hexyl-
decyloxy)quinoxaline)] (PTQ10). PTQ10 has demonstrated
impressive power conversion efficiencies (PCEs) of over
12% in polymer solar cells (PCS) when paired with the IDT
acceptor [15], over 16% with the Y6 acceptor [16,17] and a
champion PCE of 21.2% in perovskite solar cells [18]. This
outstanding performance is attributed to the versatile and
tunable nature of the Qx moiety, wherein researchers substi-
tuted alkoxy chains to enhance solubility and difluoro groups to
lower the highest occupied molecular orbital (HOMO) energy
level.

Qx-derived polymer acceptors have witnessed significant
progress in recent years, driven by a contextual understanding
of the major issues hindering their performance as electron
acceptors. Researchers have focused on improving multi-
dimensional electron transport, enhancing electron injection,
addressing stability concerns, optimizing side chain engi-
neering, and refining fabrication processes. One notable study
by Wang et al. demonstrated the importance of designing mo-
lecular structures that can overcome aggregation-related limita-
tions and enhance charge transport properties in all-polymer
solar cells (all-PSCs). The team incorporated twisted
perylenediimide units into the polymeric backbone of (naph-
thalenediimide/quinoxaline)thieno[3,2-b]thiophene in different
ratios to produce three copolymers, Qx1a, Qx1b and Qxlc
(Figure 2). This strategy reduced aggregation and improved the
performance and stability of copolymers, with Qx1c¢ achieving
a PCE of 4.81% with PTB7-Th donor in an all-PSC device.
Moreover, the broadened absorption band indicated an
expanded spectral response, suggesting potential for harvesting

a wider range of photons [19].

You and co-workers demonstrated the effectiveness of intro-
ducing electron-withdrawing cyanide (CN) groups at the 6- and
7-positions of the Qx moiety, named QxCN to address various
concerns related to charge transport. The copolymers, Qx2,
Qx3, and Qx4, formed by combining QxCN with different aryl
groups showed down-shifting of lowest unoccupied molecular
orbital (LUMO) levels and enhanced electron injection and
transport. Furthermore, the dipole moment introduced by the
CN groups improved charge separation by reducing Coulomb
attraction and exciton binding energy. The resulting enhance-
ment in exciton dissociation and reduced charge recombination
contribute to the improved performance of polymer acceptors,
especially Qx2 which achieved PCE of 5.32% with PBDB-T
donor in an all-PSC device [20]. In a recent study by Eedugu-
rala et al., a terachlorobenzene ring were fused to the

[1,2,5]thiadiazolo[3,4-g]quinoxaline unit in the polymer back-

Beilstein J. Org. Chem. 2023, 19, 1694-1712.

bone of Qx6 which enhanced the stability of the polymer and
led to its high-spin configuration compared to the analogous
material Qx5 featuring 6,7-dimethyl-[1,2,5]thiadiazolo[3,4-
glquinoxaline in its polymer backbone. The transition from a
closed-shell aromatic state to a high-spin quinoidal form
resulted in favorable changes in the bandgap, electron affinity,
and delocalization of spin density. These changes have the
potential to improve charge transport and efficient charge sepa-
ration in all-PSCs such as switching from p-type dominated be-
haviour of polymer Qx5 to n-type dominated behaviour of Q6,
with no off state due to presence of free charge carriers in the
latter case [21].

Besides optimizing polymer structures, side chain engineering,
introduction of electron-withdrawing terminal acceptor units,
and careful selection of solvents and annealing processes have
also been demonstrated as potential solutions to improve charge
transport and refine the device fabrication processes. You et al.
found that the position of alkoxy side chains on the pendant
benzene rings significantly influenced the performance of Qx2
acceptors. Three variants of Qx2, i.e., Qx7 and Qx8 were syn-
thesized with alkoxy side chains located at the meta and para
positions of the pendant benzene rings. Qx7 exhibited efficient
exciton dissociation, good electron-transporting ability, and a
PCE of 5.07% in an all-PSC device with the PBDB-T donor,
whereas Qx8 showed poor charge transport, severe charge
recombination, and a PCE of 1.62%. This highlighted the
significance of side chain engineering in achieving high-perfor-
mance polymer acceptors [22].

In addition to the importance of side-chain modification, the
study by Zhou et al. showcases the importance of solvent choice
and annealing techniques in optimizing the performance of all-
PSCs using Qx9 and Qx10. While both polymers served as
donors in all-PSC devices, the study primarily focused on side
chain engineering of the electron-deficient Qx unit. The combi-
nation of thermal annealing treatment and the use of THF as a
non-halogenated solvent led to improvements in photovoltaic
performance and charge carrier transport. Additionally, the
impact of side chain modification on device characteristics,
such as lower HOMO and higher circuit voltage (V,c), under-
scored the influence of the molecular structure [23].

A recent development by Liang et al. introduced Qx-derived
double-cable conjugated polymers as a promising approach for
improving the performance of single-component-OSCs
(SCOSCs). They replaced the traditional benzothiadiazole core
of Y-series acceptor with the Qx moiety (Y-06) and copoly-
merized it with the PBDB-T donor in two ratios to give Qx11a
and Qx11b. This approach enhanced charge transport and nano-

phase separation, resulting in a record PCE of 13.02% in an
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Figure 2: Qx-derived polymer acceptors.
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SCOSC device made of Qx11b with diluted YO6 component
[24].

Table 1 enlists the photovoltaic device performance of recently
reported Qx materials. The structures of reviewed NFAs are
drawn in Figure 2. The reviewed findings highlight that, despite
limitations in the device performance, Qx derivatives possess
significant potential for improvement. With further advance-
ments and optimization, Qx polymer acceptors are expected to

evolve into high-performance materials for organic electronics.

Quinoxalines as NFAs

Fullerene acceptors have long dominated OSCs until the emer-
gence of NFAs; nonetheless, researchers have attempted to
improve fullerenes and address their limitations, as demon-
strated by Elavarasan and colleagues. Their team synthesized
TQT-Cgg and anchored it to fullerene molecules (Figure 3) to
prevent aggregation during thermal aging. The researchers
found that TQT-Cg¢ demonstrated enhanced morphological
stability and thermal resistance compared to the phenyl-C61-
butyric acid methyl ester (PCBM) acceptor when used in bulk
heterojunction polymer solar cell devices with poly(3-hexyl-
thiophene) (P3HT) as the donor material. This improvement
was attributed to the anchoring effect of the bulkier groups
present in TQT-Cg, which hindered the movement and aggre-

gation of fullerene molecules within the polymer matrix [25].

Small molecule NFAs have significantly advanced the field of
OSCs. Notably, the fused-ring electron acceptors (FREAs) have
exhibited exceptional promise, heralding a new era of possibili-
ties for OSC technology. In 2019, Yuan et al. reported on a new
class of FREAs called Y6. Y6 utilizes a ladder-type electron-
deficient core-based central fused ring (dithienothiophen[3.2-
b]pyrrolobenzothiadiazole) and achieved a remarkable effi-
ciency of 16% in OSCs [26]. Building upon this breakthrough,
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Liu et al. blended Y6 with their polymer D18, resulting in an
efficiency of 18% and marking a significant advancement in
OSC research [27].

Zhou and co-workers synthesized Y6-type NFA acceptors,
Qx12 and Qx13, by substituting Y6’s benzothiadiazole ring
with a Qx moiety. Qx13 exhibited a stronger 71— interaction
compared to Qx12, which facilitated enhanced electron hopping
and reduced geminate recombination. Qx12 and Qx13 achieved
remarkable PCEs of 13.31% and 16.64%, respectively, with
PBDB-TF donor in OSC devices [28]. Zhu et al. reported a
modification in Qx13 by incorporating an imide-functionalized
Qx moiety in its core and end-capping groups with fluorinated
or chlorinated compounds, producing Qx14 and Qx15, respec-
tively. This modification aimed to improve the device perfor-
mance by enhancing aggregation control and optimizing the
open-circuit voltage. The introduction of functional groups pro-
vided a strategic means to tailor the molecular structure, result-
ing in improved photovoltaic properties and overall PCEs
(12.12-13.3%) [29]. Researchers have explored Y6 derivatives
for hydrogen production. Zhang and co-workers synthesized a
two-dimensional polycyclic material by merging two Y6 mole-
cules with a Qx unit. They blended the newly formed com-
pound with the donor polymer PM6 to create BHJ nanoparti-
cles and employed it in the hydrogen evolution reaction. This
approach substantially reduced trap density, increasing the
hydrogen evolution rate by 2-3 times compared to conven-

tional inorganic/organic hybrid photocatalysts [30].

Computational chemistry offers a cost-effective and time-effi-
cient means of screening and selecting promising candidates for
experimental exploration. Bhattacharya et al. employed density
functional theory (DFT) approach to explore structural modula-
tion for tuning the optoelectronic properties of Qx13. Their de-
signed molecule series, Qx16, featured a 1,4-dihydro-2,3-

Table 1: Photovoltaic performance of Qx-derived polymer acceptors in PSCs.

Active layer Vo (MV) Jsc (MA/cm3)
PTB7-Th:Qx1a 0.8 10.58
PTB7-Th:Qx1b 0.81 11.11
PTB7-Th:Qx1c 0.82 11.72
PBDB-T:Qx2 1.02 10.25
PBDB-T:Qx3 1 7.83
PBDB-T:Qx4 1.08 2.16
PBDB-T:Qx2 1 10.76
PBDB-T:Qx7 0.95 11.82
PBDB-T:Qx8 0.98 5.16
Qx11a 0.91 9.46
Qx11b 0.9 22.24

FF (%) PCE (%) Ref.
50.5 4.27 [19]
51.28 4.61
50.27 4.81
0.48 5.02 [20]
0.45 3.54
0.26 0.58
0.48 5.18 [22]
0.45 5.07
0.32 1.62
0.3 2.75 [24]
0.65 13.02
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quinoxalinedione core and different terminal acceptor units. The
modified NFAs demonstrated visible and near-infrared absorp-
tion as well as good electron mobility, suggesting their poten-

tial for experimental exploration in (OCSs) [31].

While FREAs are currently at the forefront and delivering great
PCE, unfused electron acceptors have continued to garner
considerable attention. Chang and co-workers focused on
enhancing the aggregation and crystallinity of unfused Qx
acceptors, Qx17 and Qx18, containing a Qx core and different
halogenated end groups. Both compounds exhibited good copla-
narity through intramolecular interactions, narrow bandgaps,
broad absorption in the NIR region and PCEs above 10% [32].
Ayub et al. decorated the central donor—acceptor—donor unit of
Qx17 and Qx18 with five new terminal end groups, resulting in
the Qx19 series, and predicted their optoelectronic properties to
highlight the potential of their experimental exploration [33].

The introduction of an electron-withdrawing group has been
shown to be a key strategy for enhancing intermolecular inter-
actions and improving the optical absorption, molecular
packing, and charge transport ability of NFAs. Huang et al. syn-
thesized noncovalently fused-ring electron acceptors
(NFREAs), Qx20 and Qx21, featuring 6,7-difluoro-2,3-
diphenylquinoxaline core. The fluorine atoms of the core
formed multiple noncovalent bonds (N---H and S---F) thus im-
proving backbone coplanarity. This approach enhanced absorp-
tion, improved carrier mobility, and reduced charge recombina-
tion of NFAs. Qx21, bearing chlorine atoms on the end groups
as opposed to Qx20, showed superior optoelectronic properties
and a PCE of 12.32% with PBDB-T as donor in OSC device
[34]. The same group explored side-chain engineering and chlo-
rination effects on the Qx20 series, resulting in four new NFAs,
i.e., Qx22-Qx25 (Figure 4). The research revealed the strategic
balance between molecular crystallinity, packing, and optical
properties. Qx24 and Qx25, with lower steric hindrance in the
alkyl side chains, showed slightly decreased crystallinity and
optical absorption but a shorter m—m stacking distance. OSC
devices based on Qx23 and Qx25 achieved the highest PCE
(10.67 and 12.19%, respectively) compared to Qx22 and Qx24
(6.94 and 8.01%, respectively) [35].

Xiao and fellows studied the impact of side chains on molecu-
lar packing and morphology on Qx26 and Qx27, employing
indacenodithiophene, Qx and rhodanine as donor, acceptor and
end group, respectively. The incorporation of specific side
chains facilitated improved thermal stability, solubility, and
broad absorption spectra (300—750 nm), narrow bandgaps
(1.68-1.74 eV) and PCE:s in the range of 4.03—4.81% in PSC
devices [36]. The team further explored side-chain engineering

(phenyl groups) and end-group modification (2-(1,1-
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dicyanomethylene)thiazolidin-4-one) of new NFAs, i.e.,
Qx28-Qx30. While removal of all side chains supported a
planar conformation of the molecule, it hampered phase separa-
tion, lowering short-circuit current (Jg.), fill factor (FF) and
PCE. Contrarily, the presence of all groups also compromised
crystallinity and electron mobility. The highest PCE of 6.37%
was realized for Qx29 upon only taking away the phenyl side
groups attached to the IDT units [37].

Qx29 was used to prove that employing the same acceptor unit
for both donor and acceptor is an effective approach. This
strategy has been shown to be successful in achieving high V.
for benzotriazole materials, and now it has been extended to
quinoxaline materials [38]. Ji et al. introduced fluorine atoms to
the Qx moiety of Qx29, producing a new NFA, Qx31, as well
as the thiophene side chains of the p-type polymer PE61 to fine-
tune the optoelectronic properties. The PCE of PE62:Qx31-
based solar cells improved from 4.19 to 9.78% with a relatively
high V. of 1.09 V, and the PE61:Qx31-based devices gave rise
to the highest PCE of 10.45% [39].

These reports provide strong evidence that the ongoing explo-
ration and refinement of Qx-based NFAs hold tremendous
promise for the future development of efficient and scalable
OSC technology. The reported molecules are represented in
Figure 3 and Figure 4. Photovoltaic performance of some of the

reported materials is tabulated in Table 2.

Quinoxalines as auxiliary acceptors and
m-bridges

Qx derivatives are highly attractive auxiliary acceptor and
bridging materials for DSSCs. Their strong electron-accepting
ability enables efficient electron injection and charge collection,
while their extended conjugation enhances light absorption
across a broad spectrum. Qx’s unique structure promotes effec-
tive incorporation into the dye-sensitized layer, ensuring good
intermolecular connectivity and facilitating electron transport.
In addition, they enable efficient electron transfer and increased

conjugation when acting as efficient r-bridge.

Krishna et al. demonstrated the significance of Qx derivatives,
2,3-diphenylquinoxaline (DPQ), and 2,3-di(thiophen-2-
yl)quinoxaline as auxiliary acceptors by effectively improving
the electron injection process in Qx32 and Qx33 (Figure 5).
The charge transfer efficiency and device performance of Qx33
was improved by aligning its LUMO energy level with the
conduction band edge of the TiO; nanoparticles. This strategic
approach highlights the importance of optimizing energy level
alignment for efficient charge transport in DSSCs [40]. Simi-
larly, Grobelny et al.'s work provides valuable insights into the

impact of two quinoxaline derivatives, hexyloxy-substituted
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Table 2: Photovoltaic performance of Qx-derived NFAs in OSCs.

Active layer Voe (MV) Jsc (MA/cm3)
P2F-EHp:Qx14 0.94 18.27
P2F-EHp:Qx15 0.94 19.62
J52:Qx17 0.78 21.64
J52:Qx18 0.76 22.71
PBDB-T:Qx20 0.862 16.19
PBDB-T:Qx21 0.782 22.91
PBDB-T:Qx22 0.843 17.04
PBDB-T:Qx23 0.824 20.74
PBDB-T:Qx24 0.893 16.74
PBDB-T:Qx25 0.845 21.03
P3HT:Qx26 0.99 4.83
P3HT:Qx27 0.96 6.41
P3HT:Qx28 0.89 5.57
P3HT:Qx29 0.75 12.87
P3HT:Qx30 0.75 0.14
PE61:Qx29 1.02 12.03
PE62:Qx29 1.12 6.47
PE61:Qx31 0.98 15.44
PE62:Qx31 1.09 12.53

diphenylquinoxaline (HPQ) and naphthalene-fused-quinoxaline
(NFQ), as auxiliary acceptors on DSSC performance. The com-
parison between Qx34 and Qx35 highlights the importance of
the specific quinoxaline structure. Qx34, incorporating HPQ as
the auxiliary acceptor, demonstrated enhanced electron injec-
tion and charge collection, leading to a higher PCE of 13.2%
[41].

A careful choice of auxiliary acceptor is of great importance, as
highlighted by Kumar and co-workers. Their study raises a
concern regarding the performance of dyes with fert-butyl
substituted DPQ acceptors, either containing benzene (Qx74) or
thiophene (Qx75) as a m-conjugation linker and their benzotri-
azole analogue. While the incorporation of the Qx enhances the
interaction between the donor and acceptor moieties, the result-
ing PCE falls slightly short. This observation highlights the
importance of a careful choice of auxiliary acceptors to ensure
optimal device performance [42]. Godfroy and colleagues also
emphasized the significance of molecular structure and back-
bone planarity in achieving efficient charge transport in DSSCs.
Their work highlights the importance of molecular structure and
backbone planarity in achieving efficient charge transport in
DSSCs. The sensitizers, Qx36 and Qx37, employing Qx and
dithieno[3,2-f:2',3"-h]quinoxaline acceptors, respectively,
showed narrower absorption spectra, thus indicating well-
matched energy levels, and exhibited superior performance.

However, Qx38, featuring a thieno[3,4-b]pyrazine acceptor and

Beilstein J. Org. Chem. 2023, 19, 1694-1712.

FF (%) PCE (%) Ref.
70.53 12.12 [29]
72.11 13.3
62.12 10.54 (32]
63.09 10.81
56.64 7.9 [34]
69.01 12.32
48.34 6.94 [35]
62.44 10.67
53.55 8.01
68.7 12.19
0.67 3.2 (36]
0.71 4.37
0.68 3.37 [37]
0.66 6.37
0.3 0.03
64.52 8.24 [39]
54.97 419
66.28 10.45
68.96 9.78

more quinoidal backbone, suffered from reduced electron injec-

tion and increased recombination rates [43].

The challenge associated with the coplanarity of Qx-based dyes,
Qx39-Qx42 and the resulting device performance were high-
lighted by Huang et al. The use of quinoxaline-dithienothio-
phene and phenazine-dithienothiophene as m-bridges with the
benzothiadiazole moiety as an auxiliary group did not yield the
expected improvement, potentially due to the non-coplanarity of
the molecular framework. DSSCs devices exhibited PCE in the
range of 5.23-7.77% with Qx41-based device [44]. Jiang et al.'s
research showcases the potential of choosing the right Qx deriv-
atives as efficient electron-withdrawing acceptor in DSSCs. The
utilization of phenanthrene-fused-quinoxaline (PFQ) in sensi-
tizer Qx43 resulted in exceptional PCE of 12.5%, surpassing
traditional acceptor materials such as benzothiadiazole. Addi-
tionally, the improved charge recombination and stability indi-
cate the strategic advantage of employing the right Qx deriva-
tives for enhanced DSSC durability [45].

Several computational studies have also been performed to
design dyes for optimized performance in DSSCs [46,47]. Shi
and colleagues’ quantum modeling study sheds light on the
optoelectronic properties of Qx-based dyes containing DPQ
(Qx44a) or methoxy-substituted DPQ (Qx44b) as 7 units, high-
lighting the importance of specific substitutions. While Qx44b

demonstrated favorable properties such as a superior dipole
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moment, narrow bandgap, and red-shifted absorption, the
reduced charge transfer rate presented a challenge. This analy-
sis emphasizes the need for a delicate balance between
desirable electronic properties and efficient charge transfer dy-
namics [48]. Arunkumar and colleagues demonstrated the
utilization of indolocarbazole-Qx systems named ICZS4. The
comprehensive investigation of ICZS4's optoelectronic
properties highlighted its potential for high-performance
DSSCs. The small energy gap, red-shifted absorption, good dye
regeneration, and promising NLO properties underscored the
multifunctional nature of Qx derivatives as auxiliary acceptors
[49].

Figure 5 depicts molecular structures of Qx derivatives used as
building blocks of dyes and sensitizers. The device properties of
such prominent materials are summarized in Table 3. The find-
ings from these studies contribute to the overall understanding
and advancement of quinoxaline derivatives as attractive elec-
tron-transporting materials in DSSCs.

Quinoxalines as n-type transistor materials

Qxs have also emerged as promising candidates for n-type tran-
sistor materials, offering a range of properties specifically
tailored for OFET applications. The tunable properties of Qxs
as n-type semiconductor materials, including high electron
mobility, optimal energy levels, broad absorption spectra, and
processing compatibility, position them as promising candi-
dates for OFETSs and similar electronic technologies. The incor-
poration of Qx derivatives into electronic devices holds great
potential for achieving high-performance, energy-efficient, and
scalable electronic systems in diverse fields such as energy

conversion, information processing, and beyond.
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In the context of structural modification, the introduction of
various functional groups into Qx derivatives has allowed for
the precise control of energy levels, bandgaps, and carrier trans-
port properties. For instance, Sharma et al. fine-tuned the inter-
molecular charge transfer (ICT) transitions and emission prop-
erties of Qx45 series by incorporating electron-donating
(methyl) and electron-withdrawing groups (bromo and nitro)
(Figure 6). The observation of low-lying LUMO levels (-3.29
to —3.43 eV) and thermal stability in these dyes suggested their
potential as efficient ETMs [50]. Similarly, Singh et al.
explored the modulation of optoelectrochemical properties and
thermal characteristics of pyridopyrazino[2,3-b]indole-based
Qx46 series with varying substituents, i.e., bromine, chlorine,
methyl and nitro group. Their study revealed inbuilt ICT and
aggregation-induced emission (AIE) effects, forming emissive
nanoaggregates in a THF/H,O mixture. Altering the substitu-
ents proved as an effective approach to tune the electrochemi-
cal properties of the compounds, resulting in comparable
LUMO energy levels. The products therefore hold potential as
solid-state emitters and n-type materials for organic electronics
[51].

Hasegawa and colleagues focused on achieving air-stable
n-channel conduction by synthesizing thiadiazole-fused quinox-
alineimide derivatives, Qx47-Qx49. The team optimized the
molecular packing and solubility by incorporating solubilizing
N-substituted alkyl chains. The resulting molecules exhibited
low LUMO levels and two-dimensional carrier transport,
enabling OFET performance. The moderate air-stable n-channel
mobility of 0.044 cm? V™! s7! demonstrated the suitability of
these derivatives for electron transport [52]. Hayashi et al. intro-

duced a new avenue for developing n-type N-phenylindolo-

Table 3: Photovoltaic performance of Qx-containing dyes and sensitizers in DSSCs.

Qx component Voe (MV) Jsc (MA/CmM?)
Qx32 0.51 3.53
Qx33 0.56 6.28
Qx34 1.05 16.3
Qx35 0.95 14.7
Qx36 796 10.91
Qx37 828 14.11
Qx38 537 15.49
Qx39 661.7 12.92
Qx40 695 12.47
Qx41 691.7 15.63
Qx42 661.7 13.76
Qx74 605.9 4.62
Qx75 598.6 4.98

FF (%) PCE (%) Ref.
72 15 [40]
73 2.86

77.1 13.2 [41]
75 105
74 6.36 [43]
74 8.65
64 5.31

75.73 6.48 [44]

73.11 6.33

71.88 7.77

74.79 6.81

0.65 1.83 [42]
0.66 1.97
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Figure 6: Qx-derived n-type transistor materials.

quinoxaline (PhIQ) derivatives, shown in Figure 6 as Qx50
series, by chemically modifying the PhIQ groups. In particular,
substituents at the 2- and 3-positions of PhIQs were introduced,
allowing regulation of the reduction—oxidation potentials of the
compounds. The PhIQs exhibited fluorescent solvatochromism
and demonstrated n-type properties due to the electronegative
Qx unit [53].

Mikie et al. explored ester-functionalized quinoxalines (QEs) as
building units for both p-type and n-type polymers. They

synthesized two new m-conjugated polymers, Qx51 and

Qx-52, with low-lying HOMO (=5.5 eV) and LUMO (-3.4 eV)
levels, resulting in narrow optical bandgaps (1.6 eV). In
OFETs, Qx51 exhibited hole (uy) and electron (ue) mobilities
of 1.1 x 1073 and 6.6 x 10™* cm? V! 571, which were higher
than those of Qx52 (up = 4.4 x 107% cm? v~ 571
e = 3.0 x 107* cm? V=!I s71), due to the higher crystalline
nature of the earlier [54]. Recently, Ding et al. prepared a novel
air-stable n-type benzothiophene endcapped azaarene (BTPQ)
and its sulfonated derivative (BSPQ). By introducing nitrogen
atoms and sulfonyl groups, the researchers modulated the mo-

lecular energy levels and achieved the energy level require-
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ments of n-type semiconductors. The strategy also involved
attaching triisopropylsilyl groups to the anthracene core to
balance solubility and charge carrier properties. The BSPQ de-
rivative exhibited deeper frontier orbital energy levels and en-
hanced electron mobility compared to the BTPQ [55].

Several reports have highlighted the development of novel syn-
thetic routes for producing Qx derivatives with desired proper-
ties. Kvashnin et al. reported a simple yet promising strategy for
designing and synthesizing n-type semiconductors. The team
developed a synthetic route to produce polycyclic (hetero)aro-
matic compounds (Qx53) with a chalcogenodiazolo[3,4-
b]pyrazine scaffold. These compounds exhibited narrow
bandgaps (from 1.25 to 1.44 eV) and demonstrated n-type
organic semiconductor properties [56]. Jin and co-workers
focused on improving the charge-transfer characteristics of a
semiconducting copolymer, benzodithiophene-thiadiazolo-
quinoxaline (Qx54), by introducing trifluoromethyl groups to
the Qx moiety (Qx55). This strategic modification changed the
HOMO and LUMO levels, resulting in a conversion from
ambipolar charge transport to n-type charge transport. The poly-
meric thin-film transistors (PTFTs) with Qx54 copolymer
showed ambipolar characteristics, while the PTFTs with Qx55
copolymer exhibited only n-type charge transport [57].

Kamble et al. designed and synthesized a series of eight new
indolo[2,3-b]naphtho[2,3-f]quinoxaline derivatives (Qx56) by
incorporating an electron-accepting quinone unit on quinoxa-
line to achieve donor—acceptor interactions and desirable elec-
tronic properties. The compounds exhibited absorption, emis-
sion, electrochemical, and thermal properties suitable for n-type
materials. Theoretical properties were also investigated using
time-dependent DFT. The HOMO and LUMO energy levels of
the compounds ranged from —6.51 to —6.84 eV and —3.00 to
—3.30 eV, respectively. The low-lying LUMO energy levels
were similar to well-known n-type materials, indicating the
potential of the synthesized compounds as n-type materials in

organic electronics [58].

Table 4: OFET properties of Qx-derived OFET devices.
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Rohnacher et al. synthesized a tetrapodal scaffold using diaza-
triptycene with thiol anchors (Qx57) to demonstrate electro-
static dipole engineering in n-type OFETs. The scaffold was de-
signed to enforce upright functional groups, particularly quinox-
aline subunits, and utilized OFETs as prototypes to showcase
the potential of self-assembled monolayer in devices. The mo-
lecular dipole and work function of gold was adjusted by using
fluorine and CN as well as dimethylamino substituents on the
quinoxaline. Notably, the researchers tuned the work function
of gold over a range of 1.0 eV [59]. The study by You et al.
quoted in the section "Quinoxalines as polymer acceptors" also
fabricated OFETs using QxCN-based polymer acceptors and
demonstrated unipolar n-type characteristics with moderate
OFET mobilities. The well-ordered structures with tight m—m
stacking in Qx2 and Qx3 contributed to electron mobilities
greater than 1.0 x 1074 em?2 v1g! [20]. Figure 6 shows the
molecular structures of the prominent compounds exhibiting
potential as n-type materials. Table 4 lists OFET device proper-
ties of devices employing Qx derivatives.

Quinoxalines as ETL and TADF emitters

Qx derivatives have garnered substantial attention from the
scientific community due to their remarkable characteristics as
electron-transporting and hole-blocking layers in organic elec-
tronics [60]. Moreover, these derivatives have exhibited promis-
ing traits as thermally activated delayed fluorescence (TADF)
emitters. This multifaceted nature has spurred ongoing research
efforts aimed at overcoming various hurdles and enhancing the
performance of Qx derivatives.

One key concern is the solubility of Qx derivatives in solution
processing, as it affects their suitability for practical applica-
tions. Additionally, achieving efficient electron injection and
extraction, as well as controlling the interfacial dipole, are
crucial for improved device performance. The work by Kim et
al. demonstrated the potential of Qx compounds (Qx59 and
Qx60) derived from Qx58a and Q58b, respectively, as solu-
tion-processable ETLs for OSCs and OLEDs (Figure 7). The in-

Materials He average (max) (cm? V-1s-1) Threshold voltage (V) Ton/loft Ref
Qx47 8.0 x 102 (9.0 x 1072) 10.4 ~10% [52]
Qx48 2.1 x 104 (2.7 x 107%) 36.8 =102

Qx49 8.0 x 104 (8.5 x 107%) 43.9 ~103

Qx51 6.6 x 104 48 - [54]
Qx52 3.0x 104 50 -

Qx2 (7.6 £0.4) x 1073 19.9+0.7 >103 [20]
Qx3 (24+0.1)x 102 23.1+0.5 >108

Qx4 (7.4 £0.5) x 103 26.7+0.4 >103
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Figure 7: Qx-derived ETM and TADF emitters.

corporation of strong dipole moments in Qx59 improves elec-
tron injection/extraction and energy level alignment, leading to
enhanced device performance. The high PCE of 16.83% in OSC
and excellent external quantum efficiency (EQE) of 5.00% in
OLED devices highlight the efficacy of Qx59 in facilitating
efficient charge transport and emission processes [61].

To address the challenge of interfacial dipole and solubility, Lee
and colleagues modified Qx59 by introducing methoxy (Qx61)
and fluorine (Qx62) groups at the 2,3-positions of the Qx ring.
This modification not only facilitated easy deposition but also
enhanced electron injection and transport behavior by effec-
tively matching the band levels of the devices. The improved
EQE of the OLEDs (6.12%) suggests the effectiveness of Qx
derivatives as ETLs in achieving high device performance [62].
Ji et al. successfully developed TADF emitters, Qx63 and

Qx64, based on quinoxaline-4,4'-dicyanobenzene by manipu-

Qx67 R=CF,
Qx68 R=CN

Beilstein J. Org. Chem. 2023, 19, 1694-1712.

Qx60
Qx61 R =OCH;
Qx62 R=F
Qx65a Qx65b

OO

lating the donor—acceptor conformation. The efficient TADF
emission at room temperature highlighted the potential of these
emitters for achieving high-performance OLEDs. The tunability
of the emission peak through appropriate donor selection further
demonstrates the versatility of quinoxaline derivatives in
tailoring the emission properties of TADF materials. The
vacuum deposited OLEDs based on Qx63 and Qx64 emitted
yellow and red light, achieving EQEs of 17.3% and 15.6%, re-
spectively [63].

You and co-workers reported the strategic design of a series of
butterfly-shaped high-performance red/orange TADF emitters
(Qx65). The team successfully transitioned the emission type
from local excited-state to charge-transfer state by carefully
tuning the molecular structure and energy levels, leading to effi-
cient TADF. The Qx65a-based orange TADF OLEDs exhibit a

maximum EQE of 7.4%, corresponding to a prominent contri-
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bution of 97% from the delayed fluorescence to the overall EQE
[64]. Another study by Yu et al. reports the successful synthe-
sis of a red TADF molecule, Qx66, based on an
acenaphtho[1,2-b]quinoxaline acceptor. The well-separated
energy levels of the molecules indicated efficient charge
transfer and exciton formation within the molecule, leading to
red emission. The achieved EQE of 7.4% highlighted the poten-
tial application of this Qx-based TADF emitter as dopant in red-
emitting OLED devices [65].

Huang et al. developed two yellow TADF emitters, Qx67 and
Qx68, based on 6-(trifluoromethyl)quinoxaline or 6-cyano-
quinoxaline acceptors, respectively. The small energy splitting
values (0.03-0.04 eV) and long fluorescence lifetimes (5.0 ps)
indicated efficient TADF processes. The utilization of these
emitters in full-TADF white OLEDs, along with a sky-blue
emitter, demonstrates their potential for practical applications in
the lighting and display fields, with high efficiency (20.16%)
and stable color rendering [66]. Gupta and co-workers designed
and synthesized Y-shaped Qx derivatives with quadrupolar and
tripodal arrangement. The molecules showed unique properties,
including solvatochromism and AIE enhancement. These char-
acteristics enable tunable emission and enhanced luminescence
efficiency. The potential application of tripodal derivatives in
white OLEDs indicates the versatility of quinoxaline-based ma-
terials in achieving diverse emission colors [67]. Figure 7 shows
the prominent examples of recently reported Qx based dyes and
TDAF emitters. Table 5 lists device properties and relevant
information of devices employing Qx derivatives.

Quinoxalines as chromophores

Qx derivatives have emerged as promising chromophores due to
their distinctive optical and electronic characteristics. To en-
hance their performance in sensors and electrochromic devices,
researchers have concentrated on manipulating their electron
transport properties. By tailoring the strength of electron accep-
tors, fine-tuning the electronic nature of functional groups, in-

corporating additional functionalities, and optimizing the

Table 5: Optoelectronic properties of Qx-derived ETL and TADF emitters.

Beilstein J. Org. Chem. 2023, 19, 1694-1712.

m-conjugated backbone structure of Qxs, significant advance-
ments have been made. These approaches effectively address
key concerns and obstacles, resulting in red-shifted absorption
and emission maxima, improved nonlinear optical properties,
solvatochromism, mechanical responsiveness, acidofluo-

rochromism, AIEE, and enhanced electrochromic performance.

One effective approach, as demonstrated by Moshkina et al.,
involved introducing CN and fluorine substitutions on the Qx
core to give Qx69 (Figure 8). This modification resulted in red-
shifted absorption and emission maxima, indicating the poten-
tial for tunable optical properties based on the surrounding envi-
ronment. The replacement of difluoroquinoxaline with
cyanoquinoxaline improved the nonlinear optical properties,
highlighting the importance of tailoring electron acceptor
strength. Furthermore, the ability to induce changes in emission
properties through mechanical stimulation offers exciting possi-
bilities for optomechanical applications [68].

Another notable strategy, performed by Gupta and co-workers,
involves fine-tuning of the electron accepting tendency of
quinoxaline by incorporating various groups with different elec-
tronic natures (Qx70a—Qx70g). This approach allowed for the
modulation of chromophoric properties, including solva-
tochromism, acidofluorochromism, and twisted-ICT. The incor-
poration of a pyridopyrazine derivative further expanded the
range of functionalities and enabled logic gate operations,
showcasing the potential of quinoxaline-based chromophores in
sensor applications and molecular logic devices [69].

In terms of electrochromic performance, the work by Fu et al.
emphasized the significance of the m-conjugated backbone
structure in achieving desirable electrochromic properties
(Qx71-Qx73). The incorporation of twisted substituents on the
backbone, as observed in polymers Qx71 and Qx72, led to
excellent electrochromic performance attributes. In contrast, the
use of a fused electron acceptor unit in polymer Qx73 resulted

in suboptimal electrochromic performance. This highlights the

Materials Lmax(Cd/m?)@bias  LEmax(Cd/A)@bias  EQEmax@bias Von (V) Ref.
ITO/PEDOT:PSS/SY/Qx59/Al 26400@10.0 14.45@5.8 5.00@5.8 2.2 [61]
ITO/PEDOT:PSS/SY/Qx60/Al 8660@11.0 7.73@8.0 2.71@8.0 2.2
ITO/PEDOT:PSS/SY/Qx59/Al 6211@9.1 16.69@4.3 5.65@4.3 25 [62]
ITO/PEDOT:PSS/SY/Qx61/Al 10030@8.8 17.98@4.3 6.12@4.3 25
ITO/PEDOT:PSS/SY/Qx62/Al 3723@10.5 8.76@4.8 2.94@4.8 25
Qx65 11456 19.7 7.4 3.8 [64]
DMAC-DPS:Qx67 6803 48.34 18.06 2.8 [66]
DMAC-DPS:Qx68 6858 48.22 20.16 2.8
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Figure 8: Qx-derived chromophores.

strategic significance of molecular design, particularly the back-
bone structure, for achieving high-performance electrochromic
materials with up to 70% optical contrast, <3 seconds response
time, over 200 cm? C~! coloration efficiency and good cycle
stability [70].

The molecular structures of the mentioned compounds are
shown in Figure 8. These studies provide compelling evidence
for the versatile applications of Qxs as ETMs in various fields,
including sensors, electrochromic devices, optomechanics, and

molecular logic devices.

Conclusion

In conclusion, the reviewed studies highlight the tremendous
potential of Qx-derived ETMs across various fields, including
all-PSCs, OSCs, DSSCs, OFETs, and OLEDs. Their unique
properties, coupled with ongoing research, open up new

avenues for their utilization in various fields.

Qx derivatives have demonstrated promise in the development
of gas sensors for detection, environmental monitoring, and

chemical sensing. Additionally, they can be utilized for

biosensing applications by leveraging their ability to absorb and
emit light in the near-infrared II range. This range allows for
deeper tissue penetration, reduced scattering, and minimized
autofluorescence, thereby enabling enhanced sensitivity, selec-
tivity, and accuracy in biomarker detection, physiological pa-
rameter monitoring, and disease diagnosis. Furthermore, their
efficient charge transport properties make them valuable in im-
proving energy storage and conversion systems, including

batteries and supercapacitors.

The ongoing research is focused on enhancing device effi-
ciency through the exploration of novel device architectures,
interface engineering, and material modifications. It is crucial to
also address the long-term stability and durability of devices
that incorporate Qx-based materials. Future advancements
should focus on understanding degradation mechanisms, devel-
oping effective device encapsulation strategies, and ensuring
environmental compatibility to guarantee sustained perfor-
mance and viability in commercial applications. Additionally,
scalability and cost-effective manufacturing processes are key
for the widespread adoption of Qx-based materials. To achieve

this, it is important to optimize material synthesis methods,
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explore solution-processable routes, and develop efficient depo-
sition techniques. These efforts will pave the way for large-

scale production of electronic devices utilizing these materials.

In addition, Qx-based materials offer notable sustainability
advantages. These materials possess low environmental impact
and can be synthesized from abundant precursors, making them
both cost-effective and environmentally friendly compared to
certain inorganic semiconductor materials. Moreover, their
potential in renewable energy applications aligns with the
objectives of clean energy generation and reducing dependence
on fossil fuels. As research progresses, we anticipate signifi-
cant advancements and breakthroughs that will pave the way for
a future where quinoxaline-based materials play a vital role in
shaping the next generation of electronic devices and renew-

able energy systems.
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Electron and hole transport characteristics were evaluated for perylene-based and pyrene-based compounds using electron-only and

hole-only devices. The perylene presented a columnar hexagonal liquid crystal phase at room temperature with strong molecular

mi-stacking inside the columns. The pyrene crystallizes bellow 166 °C, preserving the close-packed columnar rectangular structure

of the mesophase. Photophysical analysis and numerical calculations assisted the interpretation of positive and negative charge

carrier mobilities obtained from fitting the space charge limited regime of current vs voltage curves. The pyrene-based material

demonstrated an electron mobility two orders of magnitude higher than the perylene one, indicating the potential of this class of

materials as electron transporting layer.

Introduction

Conjugated organic molecules have been widely investigated
due to their interesting transport properties and promising appli-
cations as active layer in organic photovoltaics (OPVs), organic

field effect transistors (OFETs), organic light-emitting diodes

(OLEDs) and sensors [1,2]. Columnar liquid crystals are attrac-
tive due to their solution processability and their self-organiza-
tion in highly anisotropic supramolecular architectures, which

favors the mainly one-dimensional migration of charge carriers
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with an anisotropy of the charge carrier mobility (parallel vs
perpendicular to the columnar axis) of up to ten orders of mag-
nitude [3-7]. In 1994, Adam and collaborators obtained a hole-
mobility of up to 0.1 cm? V™! 57! for a triphenylene-based
columnar liquid crystal [8], motivating intense research activity
to understanding charge transport in columnar mesophases
[9-14]. High charge carrier mobilities of 1.1 cm? V~! s71 for
p-type and up to 6.0 cm? V™! 57! for n-type liquid-crystalline

semiconductors have already been reported [15].

Among the various discotic liquid crystal materials, perylene
derivatives are among the most investigated due to their easy
functionalization, high chemical and thermal stability, strong
photoluminescence, and n-type semiconductor character. They
tend to adopt columnar organization due to the strong m— inter-
action of the rigid cores, providing a path for the efficient
conduction of electrons [16]. Perylene diimide derivatives
display good electronic mobilities (1073 to 107! cm? V=1 s71)
and are considered suitable electron acceptors for photovoltaic
applications [17-20]. Pyrene derivatives have also been widely
investigated in recent decades. They exhibit excellent photo-
electric properties such as strong emission, efficient excimer
formation, and suitable intermolecular stacking for good charge
carrier transport. They have been applied as active layer in
OFETs with high ambipolar mobility due to their well-defined
monocrystalline microstructures resulting from strong 7 inter-
actions [7,21-24].

Scheme 1: Molecular structures of compounds 1 and 2.

Beilstein J. Org. Chem. 2023, 19, 1755-1765.

In this work, we investigated a perylene and a pyrene-based
columnar liquid crystal in hole-only and electron-only devices
to compare their charge carriying properties. The molecular
organization and photophysical performances are coherent with
the charge transport behavior. DFT calculations assisted the
interpretation of electron and hole migration mechanism using
the frontier orbital energies and the conjugation within the

m-system.

Results and Discussion

The syntheses of 1 and 2 were previously published in [25] and
[26], respectively. 1 is a benzo[ghi]perylene-hexacarboxylic
trialkylimide and 2 a dinaphtho[2,1-a;1,2-i]pyrene-tetracar-
boxylic dialkylimide, both with asymmetrically branched alkyl
swallow-tails derived from 7-aminohexadecane (Scheme 1
illustrates their molecular structure). In Table 1, we show the
thermal characteristics and observed mesophases. Compound 1
presents a wide range columnar hexagonal phase (Colpex)
preserved at room temperature by cooling from the isotropic.
Compound 2 shows an additional columnar rectangular
phase (Col;ec) below the Colyex and crystallizes under
166 °C. The HOMO and LUMO energy levels are also given in
Table 1.

Raman spectra of both compounds were acquired off-resonance
(Figure 1). Compound 1 presents the main peak at 1609 cm™!

assigned to C=C stretching from the chromophore, a peak of

Table 1: Characteristics of 1 and 2 extracted from [17] and [18], respectively.

Comp. Phase sequence (°C)2
1 Colhex — 177 - Iso
2 Cr — 166 — Colrgct — 225 — Colpex — 248 — Iso

aDetermined by DSC, XRD and POM.

2
HOMO (eV) LUMO (eV)
-6.62 -3.79
-5.65 -3.32
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Figure 1: Raman spectra of 1 (a) and 2 (b) in powder.

intermediate intensity at 1292 cm™! assigned to C—H bending
and ring stretching, and a less intense peak at 1712 cm™! which
corresponds to C=0 stretching [27]. The pair at 1390 and
1417 cm™! is attributed to perylene ring stretching [28]. As ob-
served for bis(phenethylimido)perylene (PhPTCD) [29] only a
small number of peaks is observed. In contrast, compound 2
presents a larger number of peaks, with the spectrum being
dominated by the peak at 1338 cm™! (C—N stretching). The
peak at 1272 (C-H bending and ring stretching), and the pair of
peaks at 1586 and 1624 cm™! are assigned to the C=C stretching
mode [30]. Less intense peaks can be observed at 1186 (C—H
bending), 1512 (perylene ring stretching), and 1758 cm™!
(C=0).

X-ray diffraction (XRD) measurements of 1 and 2 are shown in

Figure 2. The Miller indices indicate the Colpex and Colpect

(10) Comp 1 (@)
=
‘®
C
]

£ (20)

30°C

150°C

5 10 15 20 25 30

20 (degree)
Figure 2:

Wavenumber (cm-)

character of the mesophases [31]. Despite crystallization of 2,
the Col¢ order is partially preserved at room temperature. The
Colpey lattice parameter (a) obtained is 23.7 A for 1 and 22.9 A
for 2. The a/b aspect ratio of the Col,; phase of 2 is equal to
2.08, representing an elongation of around 20% concerning the
hexagonal mesophase (where a/b = 1.73). The m-stacking dis-
tance between neighboring disks inside the columns, indicated
by the (001) peak, is =3.5 A for all mesophases.

Absorption and photoluminescence (PL) of 1 and 2 are
presented in Figure 3 for solution and spin-coated film. Com-
pound 1 shows the three well-defined bands typical of perylene
absorption and PL in solution. The absorption becomes broader
and the PL destructured and red-shifted in the film. These
results indicate molecular m-stacking aggregation and excimer

formation on the films [2].

Intensity

10 15 20

20 (degree)

XRD measurements of 1 (a) and 2 (b) captured on cooling from the isotropic phase, indicating the Miller indices.
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Figure 3: Absorption and PL in chloroform solution and in spin-coated films for compounds 1 (a) and 2 (b). The PL was excited at the wavelength of

maximum absorption.

The PL in film was obtained as a function of temperature
(Figure 4). The observed reduction of the PL intensity on
heating is expected for organic semiconductors due to self-
quenching aggregates and nonradiative decay processes that are
thermally activated [32]. However, an increase in the emission
intensity can be observed for 1 at the Colpex—Iso transition. The
stronger mi-stacking aggregates present in the Colpey of 1, reduce
the emission compared to the the disordered isotropic phase.
The enhanced and blue-shifted emission at the transition to the
isotropic phase arise from the excited isolated molecules, where
the exciton decays radiatively without diffusion. For the isolat-
ed molecules, the more localized m-orbital results in a higher
energy emission state. The same effect was previously ob-
served for another perylene-based ColLC compound, indicating
the strong molecular interaction between neighboring mole-
cules inside the columnar structure [33]. Due to the high tem-
perature of the Iso phase for 2, the PL intensity almost
vanished. However, a slight increase could also be observed at
the Colpex—Iso transition. The reduction of PL at the Cr—Col et
transition also reflects stronger molecular n-stacking of 2 in the

Colec¢ phase compared to the crystalline state.

The excited state lifetimes of 1 and 2 in chloroform solutions
and spin-coated films, both excited at 401 nm, are listed in
Table 2. The fitted fluorescence decay curves are shown in Sup-
porting Information File 1 (Figure S1). For diluted solutions of
1 and 2, monoexponential lifetimes in the nanosecond timescale
were observed and attributed to emission from monomeric
species (6.54 and 4.14 ns, respectively). In the spin-coated
films, the best fitting of the decay curves of 1 and 2 indicated
three and two lifetimes, respectively. Compound 1 displayed a
dominant and longer lifetime compared to solution, 25.9 ns

(66.83%), attributed to excimer emission, which usually

presents longer lifetimes compared to the monomeric species
[34]. It agrees with the intensity inversion of the vibronic
absorption bands and PL redshift in the spin-coated film com-
pared to the solution. The intensity inversion suggests forma-
tion of H-aggregates, leading to excimer fluorescence [35]. Due
to the similarity to the lifetime in solution, the 6.90 ns lifetime
in the film is attributed to monomeric emission. The shortest
lifetime of 0.90 ns can be related to the emission of aggregated
species driven by m— interactions [36], contributing to almost
20% of the total emission of 1. The longer lifetime of 2 in film
(3.84 ns) can be attributed to the monomeric emission as it is
similar to the value observed in solution, while the shortest life-
time (1.58 ns) of aggregated m—m species dominates with
75.38% of the total emission.

Hole-only (ITO/PEDOT: PSS/1 or 2/Au) and electron-only
devices (Al/1 or 2/Al) were fabricated to evaluate the positive
and negative charge carrier transport of 1 and 2. The active
layers of 1 or 2 were spin-coated from chloroform solutions
(10 mg/mL). Scheme S1 in Supporting Information File 1 illus-

trates the device structure with the energy levels of the layers.

Figure 5 shows atomic force microscopy (AFM) images to
address the thickness and the morphology of the films of 1
and 2 deposited on the hole-only and electron-only device
structures. The thickness of the films in these structures was
40 nm.

The films deposited on PEDOT:PSS for the hole-only devices
indicate homogenous properties with low root mean square
roughness (R;y) of 1.7 nm and 2.8 nm for 1 (Figure 5a) and 2
(Figure 5b), respectively. The R, of the films deposited on Al

for the electron-only devices are 1.1 nm for 1 (Figure 5c) and
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Figure 4: PL as a function of temperature for 1 (a) and 2 (b) casting films on heating. Left: PL spectra; right: intensity of the PL maximum. The PL was

excited at the wavelength of maximum absorption.

Table 2: Excited state lifetimes and relative amplitudes of 1 and 2 in chloroform solutions and spin-coated films at room temperature.

Comp. Amax (nM)2 T4 (ns)
solution®

1 487 6.54 + 0.04
2 589 4.14£0.03
film

1 542 25.90+0.2
2 633 3.84 £ 0.05

A1 (%)

100
100

66.83
24.62

T2 (NS)

6.90 £ 0.50
1.58 +0.03

Az (%)

13.18
75.38

T3 (ns) Az (%) X2

- — 1.063
- — 1.008
0.90+0.20 19.99 0.997
- - 0.946

aF|uorescence decay collected at maximum emission (Amax), excited at 401 nm. PConcentration of 0.17 g L-".

16.0 nm for 2 (Figure 5d). XRD measurements of as-casted
spin-coated films of 1 and 2 confirm their columnar order and
polarized optical microscopy show small birefringent domains,
indicating locally instead of macroscopic molecular alignment

of the films (see Figure S2 in Supporting Information File 1).

Figure 6 shows the log—log plots of the J-V experimental curves
for 1 and 2 in both device structures. In all cases, an ohmic
regime is observed at low voltages, J oc V" with n = 1.0, fol-
lowed by a space charge limited current (SCLC) trap-limited

regime. To determine the charge carrier mobility, a previously
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Figure 5: AFM images of spin-coated films of compound 1 (a, c) and compound 2 (b, d) on PEDOT:PSS (a, b) and Al (c, d).

published theoretical model was used [33], where an electric
field dependent mobility of the form u(E):quV\/E was
considered. The parameters i and y implicitly include a mono-
energetic trap distribution and can be obtained from fitting the
SCLC regimes of the experimental J-V curves. The fits for each
device are shown as red solid lines in Figure 6, and the values
of ug and y displayed in Table 3 were used to calculate the
mobility p(E) at an electric field of 6.0 x 105 V/em.

Figure 7 shows the charge carrier mobility as a function of the
applied electric field, calculated from p(E) = poeyﬁ. The elec-
tron mobility of 1 is around one order of magnitude lower than
that of holes, depending on the electric field. It suggests that
this perylene-based material acts better as a hole-transporting
material. The electron mobility of 2 is almost two orders of

magnitude higher than 1. It may be related to the closer molecu-
lar packing of the Col,e. phase preserved in the crystal at room
temperature, which improves the m-stacking and corroborates
with the dominant emission of aggregated m—m species in the
film observed in the lifetime measurement. The hole mobility of
2 is similar to 1, but its electron mobility is slightly higher, indi-
cating that this pyrene-based molecule can act as an ambipolar
transporting layer, in agreement with the literature [24]. It is im-
portant to emphasize that the charge carrier mobility of
columnar liquid crystals can be improved by five orders of mag-
nitude due to molecular alignment of the film in the device
structure [33].

Usually, the m-system conjugation and the frontier orbitals ener-
gies dominates the charge transport [37,38]. Therefore, to better
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Figure 6: Log—log plot of the J-V curves of the hole-only (a,b) and electron-only (c,d) of 1 (a,c) and 2 (b,d). The open circles are the experimental
data, and the red solid lines indicate the theoretical fitting. Vq is the threshold voltage between the ohmic and SCLC trap-limited regimes.

Table 3: Fitting parameters and charge carrier mobility of hole-only and electron-only devices fabricated with 1 and 2.

Comp. y (cm v-1)112 Ho (cm2 V s7) p(cm2 Vs 1) Slope SCLC
hole-only

1 2.49 x 103 5.82 x 10~/ 1.2x 1075 2.1

2 3.18 x 103 6.62 x 10~7 2.7 x10°5 1.8
electron-only

1 7.18 x 103 2.54 x 10-10 6.4 x 1077 52

2 574 x 1073 2.24 x 10~7 1.3x 104 3.6

aMobility values for an electric field of 1.0 x 108 V ecm~". Films of 1 and 2 were 40 nm thick.

understand the charge mobility of compounds 1 and 2, we ob-
tained their ground state geometry using DFT within the
B3LYP/def2-TZVP(-f) level of theory (Figure 8a). To reduce
computational efforts, isopropyl moieties were used instead of
the large aliphatic substituents of molecules 1 and 2. The 7 elec-
tron systems of both molecules are predominantly planar, with

2-iso showing a slight deviation from planarity due to the ster-

ical proximity of the dicarboximide oxygens with the adjacent
bay hydrogens. The frontier orbitals and their energies are
shown in Figure 8b. In 1-iso, only the two hexagonal imide
groups affect the HOMO/LUMO localization, whereas the
pentagonal central imide group is little affected. In 2-iso, both
pentagonal are relevant to the HOMO/LUMO localization,

whereas the two terminal benzene rings are little affected. The
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cartesian coordinates of the optimized isopropyl derivatives ge-
ometry are presented in Supporting Information File 1.

Conclusion

The electron and hole-transporting characteristics of two
columnar liquid crystals were evaluated with electron-only and
hole-only devices. Compound 1 is a perylene-based molecule
presenting a columnar hexagonal mesophase stable at room
temperature, and compound 2 is pyrene-based crystalline with
columnar rectangular order preserved at room temperature.
Photoluminescence lifetime measurements indicated that molec-
ular aggregation and m-stacking interactions dominate the
photophysics of films. While 1 presents majority hole transport,
2 is moderately ambipolar. The electron transport of 2 is around
two orders of magnitude higher than 1, which can be associated
to the larger conjugation of 2. This work highlights the poten-
tial of pyrene-based columnar liquid crystals as electron-trans-
porting materials.
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Figure 8: Ground state geometry (a) of compounds 1-iso and 2-iso obtained within B3LYP/def-TZVP(-f) level of theory and their frontier orbitals (b).
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Experimental

Raman spectra were obtained in an Anton Paar spectrometer,
Cora 5001 model, under an excitation laser line at 785 nm and
450 mW power source. The exposure time was around 160 ms
and 1 accumulation. The sample powder was placed in a glass
slide under the objective lens and performed the autofocus.

XRD measurements were performed with an X’Pert PRO
(PANalytical) diffractometer using Cu Ka radiation
(A = 1.5418 A) equipped with an X’Celerator detector. A small
amount of 1 or 2 was deposited onto a glass substrate and
heated to the isotropic liquid phase. The diffracted radiation was
collected in continuous mode from 2° to 30° (20 angle) at spe-
cific temperatures during the cooling down to room tempera-
ture. The temperature was controlled with a TCU2000-tempera-

ture control unit (Anton Paar).

The absorbance spectra in solution and in spin-coated films
were collected with an Ocean Optics USB4000 spectropho-
tometer. The PL spectra were collected with a Hitachi fluores-
cence spectrophotometer (Model F-7000) and the samples were
excited at the wavelength of maximal absorption. For the PL as
a function of the temperature, casting films were placed on a hot
stage (Mettler Toledo FP-82) and excited with a UV lamp of
365 nm wavelength. The emission spectra were captured using
an optical fiber placed close to the film to guide the light until
the Ocean Optics USB4000 spectrophotometer.

Time-resolved fluorescence decay curves were recorded using
the technique of time-correlated single photon counting [39]
with a FluoTime 200 (PicoQuant). Excitation was provided
using a 401 nm pulsed diode laser with repetition rates varying
from 5.0 to 20 MHz. Fluorescence was collected perpendicular
to excitation and passed through a polarizer set at the magic
angle. The detection system consisted of a monochromator and
a multichannel bases photomultiplier (Hamamatsu R3809U-50).
Lifetimes were obtained by fitting the fluorescence decay
curves with exponential functions using FluoFit® software and
the plots of weighted residuals and reduced chi-square were

used to determine the best fits during the analysis procedure.

AFM measurements of the organic films were performed using
a Nanosurf EasyScan2 apparatus in tapping mode with a scan-
ning rate of 1.0 Hz covering 512 x 512 lines.

Hole-only devices were fabricated using indium tin oxide (ITO)
coated glass plates (sheet resistance of about 15 /sq) with a
thin layer of PEDOT:PSS (purchased from Sigma-Aldrich)
deposited by spin coating at 3000 rpm during 30 s, followed by
annealing at 110 °C for 5 min as anodic electrode. For the elec-

tron-only devices, the anodic electrode consisted of a 100 nm

Beilstein J. Org. Chem. 2023, 19, 1755-1765.

thick Al layer vacuum deposited onto a glass substrate,
1077 mbar at a rate of 2 A/s. Compounds 1 and 2 were spin-
coated from chloroform solutions (10 mg/mL) at 2000 rpm for
30 s, followed by annealing at 40 °C for 10 min. The top elec-
trodes were vacuum deposited (1077 mbar at a rate of 2 A/s,
100 nm) onto the 1 and 2 layers, Au (for hole-only) and Al (for
electron-only). The active area of the devices was 8 mm?2. The
J-V curves were measured at room temperature (25 °C) inside a
glove box under nitrogen atmosphere using Keithley’s Series
2400 Source Measure Unit (SMU) instruments.

Ground state geometries of the molecules were optimized in a
vacuum, using the Orca 5.0.3 [40] software package within
B3LYP/Def2-TZVP(-f) level of theory [41-45]. Dispersion
effects were included using Grimme’s D3 correction with
Becke-Johnson (BJ) damping [45,46]. The evaluation of the
four-center integrals was accelerated with the RIJCOSX algo-
rithm [47,48]. RIJ requires the specification of an auxiliary
basis set for the Coulomb part (Def2/J) and a numerical integra-
tion grid for the exchange part (DefGrid-2) [49]. Analytical
harmonic vibrational frequency calculations were conducted to
verify if the ground state is a minimum on the potential energy
surface. Images of the complex geometries were obtained using
the Chemcraft program (http://www.chemcraftprog.com).

Supporting Information

Supporting Information File 1

Additional data and information.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-128-S1.pdf]
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A donor—m—acceptor (D-m—A)-type pull-push compound, DMB-TT-TPA (8), comprising triphenylamine as donor and dimesityl-

boron as acceptor linked through a thieno[3,2-b]thiophene (TT) m-conjugated linker bearing a 4-MeOPh group, was designed, syn-

thesized, and fabricated as an emitter via a solution process for an organic light-emitting diode (OLED) application. DMB-TT-TPA

(8) exhibited absorption and emission maxima of 411 and 520 nm, respectively, with a mega Stokes shift of 109 nm and fluores-

cence quantum yields both in the solid state (41%) and in solution (86%). The optical properties were supported by computational

chemistry using density functional theory for optimized geometry and absorption. A solution-processed OLED was fabricated using

low turn-on voltage, which had performances with maximum power, current, and external quantum efficiencies of 6.70 Im/W,

10.6 cd/A, and 4.61%, respectively.

Introduction

In recent years, organic electronics have become very attractive
due to their various advantages such as high flexibility, easy
designability, low fabrication cost, easy processing and large-
scale fabrication [1-4]. Especially in display technology,
organic-based materials have found use in many applications
such as OLEDs, micro-LEDs, LCDs, lasers, and photodiodes by
applying thin film methods and solution processes [5-8]. The
performance of organic electronics is based on the active layer

composition as well as the fabrication methods and processing

parameters. The organic active layers are composed of various
aromatic m-conjugated small molecules/polymers including

thiophene, anthracene, carbazole, and triphenylamine [9-13].

Thienothiophenes are two annulated thiophene rings having
four isomers, among which the most widely used isomer is
thieno[3,2-b]thiophene (TT) [14-19]. These compounds are
electron-rich, flat and electron-delocalized systems, properties

that make them promising materials for the construction of
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conjugated energy-based semiconductors for OLEDs [20-23],
perovskite solar cells [24,25], organic field-effect transistors
(OFETs) [26-28], capacitors [29,30], hybrid films [31], and
photosensitizers [32-34]. Another important r-conjugated unit
is triphenylamine (TPA), having an ionization potential of
6.80 eV, which is lower compared to many other organic cores,
thus providing a strong electron-donating ability for organic
electronic applications [12,35]. Dimesitylboron (DMB), with its
unoccupied p-orbital, is an electron-acceptor organoboron com-
pound used in several donor—acceptor systems to provide the
system with pull-push interaction [36,37].

In this work, we have designed and synthesized a D——A model
pull-push fluorophore, DMB-TT-TPA (8), having TPA and

DMB units as donor and acceptor units that were linked through

Br
14 \;
S
1
i) n-BuLi O
‘ ii) Sg S)_@OM‘E PPA

o A
if) >—< >—0Me @
Br

chlorobenzene
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a 4-MeOPh-substituted TT core as a m-spacer. The photophysi-
cal properties of the fluorophore were investigated by spectros-
copic methods. Moreover, DMB-TT-TPA (8) was fabricated as
an emitter for an organic light-emitting diode through a solu-
tion process. DMB-TT-TPA (8) displayed excellent perfor-
mance in both device application and photophysical properties,
i.e., a maximum solution fluorescence quantum yield of 86% in
THF, maximum solid-state fluorescence quantum yield of 41%,
maximum current efficiency of 10.6 cd/A, and maximum power
efficiency of 6.70 Im/W.

Results and Discussion

Design and synthesis
The OLED fluorophore, DMB-TT-TPA (8, Scheme 1), having a

donor—m—acceptor (D-m—A) system, was synthesized according

S S Br
7\ NBS 7\
s — > s
DMF
, ~10°C
oM 4 oM

135 °C
2 86% 0
_78°C, EL,0, N, ° e 8% e
83%
Q i) n-BuLi Q
O\
e G T
if) o
— 0
5 O‘B\ 6
o)
—78 °C, THF, N,
77%

Pd(PPhs), Vi S >/:

i) t-BuLi

| N
—_——
4 + 6 S Y

> B
K2CO3 ii) F
75 °C, THF Q ||3
81%
OMe
4 —78 °C, Et,0, N DMB-TT-TPA

Scheme 1: Synthesis of DMB-TT-TPA (8).

85%
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to our previously reported methods [20-23,36,38]. The synthe-
sis commenced with the treatment of 3-bromothiophene (1)
with n-butyllithium at =78 °C, followed by the addition of
elemental sulfur and subsequent reaction with 2-bromo-1-(4-
methoxyphenyl)ethanone to produce compound 2 in 83% yield.
The following ring-closure reaction was conducted in the
presence of polyphosphoric acid (PPA) in refluxing chloro-
benzene to give 3 (TT) in 86% yield. The brominated TT 4
was obtained through selective monobromination of compound
3 using NBS at —10 °C in DMF in 88% yield. The boronated
triphenylamine 6 was constructed in a one-pot two-step
reaction in 77% yield, by lithiation of 4-bromo-N,N-diphenyl-
aniline (5) with n-butyllithium at —78 °C and addition of
2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane. The
Suzuki-coupling reaction of TT 4 with borolane 6 produced the
intermediate 7 in 81% yield. The target D-n—A-type fluoro-
phore, DMB-TT-TPA (8), was produced by lithiation of 7 and
following reaction with dimesitylboron fluoride in 85% yield
(Scheme 1).

Photophysical properties

The UV-vis absorption and fluorescence spectra of DMB-TT-
TPA (8) were recorded in THF (Figure 1 and Table 1) [38]. It
showed maximum absorption and emission wavelengths of 411

1.0

e DMB-TT-TPA

0.8 4

0.6

0.4 4

Absorbance

0.2 1

0.0 4

T T T
400 500 600

Wavelength (nm)

T
200 300
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and 520 nm (excitation at Ap,x), respectively, leading to a mega
Stokes shift (>100 nm) of 109 nm, which could be explained to
be due to a fast relaxation from the excited state to the ground
state as a result of a powerful intramolecular energy transfer be-
tween the TPA and boron groups through the thieno[3,2-b]thio-
phene (TT) core. The optical band gap (Eoptic) of DMB-TT-
TPA (8) was calculated to be 2.52 eV from the onset wave-
length of the absorption spectrum at 491 nm. The compound
demonstrates high quantum efficiencies in the solid-state and in
solution (THF) of 41 and 86%, respectively. The considerable
quantum efficiencies pointed out that DMB-TT-TPA (8) is
among the best D—m—A modal fluorophores suitable for an
OLED application. Moreover, the photophysical properties of
DMB-TT-TPA (8) were investigated through time-resolved
fluorescence studies (390 nm laser source in THF). The fluores-
cence lifetime () of DMB-TT-TPA (8) exhibited a mono-expo-
nential profile having a 3.20 ns fluorescence decay pattern
(Figure S1 in Supporting Information File 1), demonstrating a
strong pull-push interaction in steady-state time resolved fluo-

rescence performance.

OLED application
An OLED was fabricated using a standard conventional device
architecture of ITO/PEDOT:PSS/TFB/TAPC:TCTA:emitter

2500
e DMB-TT-TPA

2000 <4
2 in THF solution
2 under 365 nm UV
[ lamp
S 1500 -
£ — ]
[
Q
S U
O 1000
0
]
e
o
32
w 500 4

0
T T 1 1 1 ]
400 450 500 550 600 650 700

Wavelength (nm)

Figure 1: Absorption and emission of DMB-TT-TPA (8) in THF. Figure 1 was adapted with permission of Institution of Chemical Engineers (IChemE)
and The Royal Society of Chemistry from [38] (“Cationic and radical polymerization using a boron—thienothiophene—triphenylamine based D-11-A type
photosensitizer under white LED irradiation”) by A. Suerkan et al., Mol. Syst. Des. Eng., vol. 8, issue 10, © 2023); permission conveyed through Copy-
right Clearance Center, Inc. This content is not subject to CC BY 4.0.

Table 1: Photophysical data of DMB-TT-TPA (8) [38].

Compound UVmax® (nm)  UVgnget (M) Flmay® (nm) AP (em™) Eoptic® (eV) q’solidd (%) Dg0/® (%)

DMB-TT-TPA 411 491 520 5100 2.52 41 86

aAbsorption and fluorescence maxima in THF. PStokes shift (cm=1) Av = 1/Amax — 1/Aem. CEoptic from the onset of the absorption spectrum. dSolid-
state quantum yield. ®Solution-state quantum yield in THF.
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(DMB-TT-TPA (8))/TPBi/LiF/Ca/Ag, where TFB, TCTA/
TAPC, and TPBi acted as hole transport, hole transporting host,
and electron transport materials, respectively (Figure S2 in Sup-
porting Information File 1). The current efficiency—lumi-
nance-voltage (J-L-V) graph and power efficiency (PE),
external quantum efficiency (EQE), and electroluminescence
curves are depicted in Figure 2 and Figure 3, respectively. Al-
though DMB-TT-TPA (8) was synthesized and OLED perfor-
mance was examined in our previous study [23], a different
device architecture and method, i.e., solution processing, was
used in this study. In the previous study, the OLED of DMB-
TT-TPA (8) was explained to demonstrate performance with the
turn-on voltage, external quantum efficiency (EQE), and
highest luminescence efficiency of 4.6 V, 0.15% and 0.40 cd/A,
respectively, using a thermal evaporation method. On the other
hand, in this study, the OLED of DMB-TT-TPA (8), prepared
using a solution processing method, showed a low turn-on
voltage (V) of 2.90 V, a max current efficiency (CEp,x) of
10.6 cd/A, a max luminance of 752 cd/mz, a max power effi-

ciency (PEax) of 6.70 Im/W, and an external quantum effi-
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ciency (EQE) of 4.61%, along with a green emitting lumines-
cence at 512 nm (Table 2). According to the CIE color space
chromaticity diagram, the device was located at the coordinates
of 0.16 and 0.51. The obtained EL results are in good agree-
ment with the fluorescence characteristic of DMB-TT-TPA (8).
Additionally, OLED performances were significantly increased
compared to the previous study [23]. In terms of the TT chem-
istry, the device results reached remarkable values for
donor—m—acceptor-type solution processable emitters within the
donor—acceptor family [39-42]. This approach also supports that
the solution-processable OLED application is a perfectly suit-
able device preparation for DMB-TT-TPA (8).

Thermal properties

The thermal properties of DMB-TT-TPA (8) were investigated
through thermal gravimetric analysis (TGA) at 750 °C at a
heating rate of 10 °C min~! under N, atmosphere (Figure 4).
The initial mass loss (5%) around 120 °C could be due to
residual water and/or solvent. The highest decomposition was
observed at around 405 °C and 14% of DMB-TT-TPA (8)
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Q
G 61
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w
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Figure 2: (a) Current efficiency—luminance, (b) current efficiency—voltage, (c) luminance—voltage, and (d) current density—voltage characteristics of

DMB-TT-TPA (8).
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Figure 3: (a) Power efficiency—luminance, (b) external quantum efficiency—luminescence, (c) electroluminescence—wavelength characteristics of

DMB-TT-TPA (8).

Table 2: Photophysical data of DMB-TT-TPA (8).

compound Von? (V) CEP (cd/A) LC (cd/m?)

DMB-TT-TPA 2.9 10.6 752

AeLd (nm) EQE® (%) PEmax' (IM/W) CIE9 (x, y)

512 4.61 6.70 (0.16, 0.51)

aTurn-on voltage, recorded at the luminance of 1 cd-m2. PMaximum current efficiency. “Maximum luminance. ®Maximum electroluminescence wave-
length. IMaximum current efficiency. Maximum external quantum efficiency. Maximum power efficiency. 9Chromaticity coordinates according to the

CIE 1931 diagram.

remained without ash up to 750 °C, indicating that the com-
pound has an excellent thermal stability. The high thermal
stability is profitable for the preparation of stable and durable
OLED devices.

Computational chemistry

Ground-state geometry optimization of DMB-TT-TPA (8) was
performed using density functional theory (DFT) calculations
with the Gaussian 16 software at the B3LYP/6-31G (d,p) level

(Figure S3 in Supporting Information File 1) [23,43]. The
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energy levels were
calculated to be —4.93 and —1.83 eV, respectively (Figure 5).
While the HOMO electrons were distributed mainly on the
triphenylamine and TT units, the LUMO was found to be delo-
calized through the dimesitylboron and TT ring, the results
being in line with the experimental values of our previous study
[23].
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On the basis of the optimized ground-state geometry, time-de-

100 - pendent DFT (TD-DFT) calculations were conducted in THF to
investigate the absorption properties and theoretical band gap

(Table 3). The optical band gap value (Epic) Was calculated to
be 2.06 eV, considering the Agpger (605 nm) of the UV-vis
curve. The calculated absorption maximum was centered at

80 -~

60
470 nm (Figure S4 in Supporting Information File 1), which

Weight (%)

40 4 was found to be in a good agreement with the experimentally

determined UV—-vis spectrum.

20 4

Conclusion

1 — A small fluorophore molecule, DMB-TT-TPA (8), containing
100 200 300 400 500 600 700

dimesitylboron as an acceptor and triphenylamine as a donor

Temperature (°C) linked through a thieno[3,2-b]thiophene core having a

4-MeOPh group, was designed as a D-m—A model and synthe-

Figure 4: Thermal gravimetric analyses (TGA) of DMB-TT-TPA (8).

9

sized in 85% yield. Its photophysical properties were investigat-
ed by UV-vis and fluorescence spectroscopy. The obtained ex-
perimental results were found to be in good agreement with
computational investigations. An OLED fabrication, where
DMB-TT-TPA (8) was employed as an emitter, showed a
maximum luminescence efficiency of 752 cd/m?, a maximum
external quantum efficiency of 4.61%, a maximum power effi-
ciency of 6.70 Im/W, and a maximum current efficiency of
10.6 cd/A on 2.9 V turn on voltage with CIE coordinates of
0.16 and 0.51 at Agr. = 512 nm. The OLED, optical and thermal
properties indicated that the composition of thienothiophene,
triphenylamine, and boron is a highly suitable combination for

fluorescent organic electronics in display technology.

Experimental
General methods

'H and !3C NMR spectra were recorded on a Varian model
NMR spectrometer (500 and 126 MHz) and chemical shift
values are reported in ppm downfield from tetramethylsilane
(TMS). UV-vis absorption spectra were obtained using a
HITACHI U-0080D spectrophotometer. Fluorescence spectra
were recorded on a HITACHI F-4500 fluorescence spectropho-
tometer. Time-resolved fluorescence studies were performed on
a Horiba, FL3-2IHR fluorescence spectrophotometer. Solid-

state and solution-state quantum yields were measured using a

9
9 LUMO ’ 9 Hamamatsu Quantaurus-QY Absolute PL Quantum Yield Spec-
J . . .
trometer. Thermal gravimetric analysis (TGA) was performed
Figure 5: HOMO and LUMO diagrams calculated at the B3LYP/6-31G on a PerkinElmer Diamond TA/TGA with a heating rate of

d,p) level of theory. . .
@) y 10 °C min~! under nitrogen flow.

Table 3: The HOMO and LUMO energy levels and absorption values calculated by TD-B3LYP/6-31G (d,p) level of theory.
Compound HOMO (eV) LUMO (eV) Amax (nm) Aonset (NM) Eoptic (€V)

DMB-TT-TPA (8)  -4.93 -1.83 470 605 2.06
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Materials

3-Bromothiophene (97%, Across), 2-bromo-4’'-methoxyace-
tophenone (97% Merck), N-bromosuccinimide (Sigma-
Aldrich), polyphosphoric acid (PPA, 115% H3POy4 basis,
Sigma-Aldrich), n-butyllithium (2.5 M in hexanes, Sigma-
Aldrich), sodium sulfate (Merck), 4-bromotriphenylamine
(Sigma-Aldrich), dimesitylboronfluoride (90%, Sigma-Aldrich),
4.,4,5,5-tetramethyl-1,3,2-dioxaborolane (Sigma-Aldrich),
tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4, 99%,
Sigma-Aldrich), were used as received. Diethyl ether and THF
were dried over metallic sodium. Dimethylformamide (HPLC
grade) was stored over activated molecular sieves (4 A).
Dichloromethane (Aldrich), methanol (Merck), and sodium
carbonate (Merck) were used as received. Compounds 2—-6 were
synthesized following our previous reports [20-23,44-47]. The
characterization data of 7 and 8 are compatible with the
published data in ref. [23].

Synthesis of 7

Synthesized as described in [23]. To a mixture of thienothio-
phene 4 (250 mg, 0.770 mmol) and borolane 6 (320 mg,
0.845 mmol) dissolved in THF (25 mL) and degassed for
45 min with N, was added K,COj3 (2.5 mL, 2.5 M) and
Pd(PPh3)4 (0.077 mmol). The mixture was then saturated with
N>, the reaction flask sealed and the mixture stirred at 75 °C for
48 h. Afterwards, the reaction mixture was filtered through
celite eluting with CH,Cl,, extracted with CH,Cl,/water, and
the organic phase was washed with sodium carbonate solution
(10%) and water, dried over sodium sulfate, filtered, and the
solvent was evaporated under reduced pressure. The crude
product was purified by column chromatography eluting with
n-hexane/CH,Cl, 4:1 to obtain the title compound 7 (300 mg,
81%) as a white powder. Mp 141-142 °C; 'H NMR (500 MHz,
CDCl3) & 7.42 (d, J = 8.8 Hz, 2H), 7.35 (d, J = 5.2 Hz, 1H),
7.28 (t,J = 8.7 Hz, 5H), 7.20 (d, J = 8.7 Hz, 2H), 7.13 (d, J =
7.6 Hz, 4H), 7.05 (t, J = 7.3 Hz, 2H), 6.95 (d, J = 8.7 Hz, 2H),
6.92 (d, J = 8.8 Hz, 2H), 3.86 (s, 3H); 13C NMR (126 MHz,
CDCl3) 6 158.89, 147.36, 147.17, 142.04, 139.51, 135.73,
130.12, 129.87, 129.29, 128.34, 127.96, 125.86, 124.80, 123.24,
122.53,119.81, 114.14, 55.22.

Synthesis of DMB-TT-TPA (8)

Synthesized as described in [23]. To a solution of compound 7
(200 mg, 0.410 mmol) in dry THF (50 mL) was added terz-
butyllithium (0.3 mL, 1.7 M, 0.490 mmol) dropwise at =78 °C
under a nitrogen atmosphere over a period of 45 min. Then,
dimesitylborofluoride (130 mg, 0.490 mmol) was added rapidly.
The mixture was further stirred at =78 °C for 1 h, then, allowed
to warm to room temperature and stirring was continued
overnight. The solution was extracted with dichloromethane,

and the organic layer was washed with Na,CO3 solution (10%)

Beilstein J. Org. Chem. 2023, 19, 1849-1857.

and water. The organic layer was dried over Na,SQOy, filtered
and the solvent was evaporated under reduced pressure. The
crude product was purified by flash column chromatography
eluting with a mixture of n-hexane/CH;,Cl; 3:1 and then crystal-
lized from ethanol to give the title compound DMB-TT-TPA
(8) as a yellow powder in 85% yield (256 mg). Mp 165-166 °C;
TH NMR (500 MHz, CDCl3) d 7.59 (s, 1H), 7.39 (d, J = 8.8 Hz,
2H), 7.28 (d,J = 7.8 Hz, 4H), 7.19 (d, J = 8.7 Hz, 2H), 7.12 (d,
J =17.6 Hz, 4H), 7.05 (t,J = 7.3 Hz, 2H), 6.93 (d, J = 8.7 Hz,
2H), 6.87 (d, J = 8.8 Hz, 2H), 6.84 (s, 4H), 3.82 (s, 3H), 2.32
(s, 6H), 2.17 (s, 12H); 13C NMR (126 MHz, CDCl3) &
158.92, 153.46, 151.26, 147.60, 147.20, 143.95, 141.05, 140.90,
138.50, 137.96, 132.59, 130.25, 129.86, 129.49, 129.33, 128.14,
127.85, 127.57, 125.01, 123.45, 122.08, 114.12, 55.23, 23.54,
21.22.

Supporting Information

Supporting Information File 1

General experimental device methods, life time spectra,
theoretical computation data, 'H and '3C NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-137-S1.pdf]
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Abstract

The pyridine-3,5-dicarbonitrile moiety has gained significant attention in the field of materials chemistry, particularly in the devel-
opment of heavy-metal-free pure organic light-emitting diodes (OLEDs). Extensive research on organic compounds exhibiting ther-
mally activated delayed fluorescence (TADF) has led to numerous patents and research articles. This study focuses on the synthesis
and investigation of the semiconducting properties of polyaromatic m-systems containing two and three fragments of pyridine-2,6-
dicarbazolyl-3,5-dicarbonitrile. The compounds are synthesized by Sonogashira coupling reactions and characterized by steady-
state and time-resolved luminescence spectroscopy. The compounds show efficient intramolecular charge transfer (ICT) from the
donor to the acceptor. The photoluminescence (PL) spectra of the solutions of the compounds showed non-structured emission
peaks in the visible region, which are attributed to ICT emission. The PL intensities of the solutions of the compounds are en-
hanced after deoxygenation, which is indicative of TADF. The photoluminescence quantum yields and TADF properties of the
compounds are sensitive to the medium. Cyclic voltammetry measurements indicate good hole-blocking and electron-injecting
properties due to their high ionization potentials. Photoelectron spectroscopy and time-of-flight measurements reveal good electron-
transporting properties for one of the compounds. In general, polyaromatic m-systems with pyridine-3,5-dicarbonitrile fragments

demonstrate promising potential for use in organic electronic devices, such as OLEDs.
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Introduction

The pyridine-3,5-dicarbonitrile moiety attracted a great deal of
attention in the last decade in the field of materials chemistry,
precisely in the development of novel heavy-metal-free pure
organic light-emitting diodes (OLEDs). Inexpensive and envi-
ronmentally friendly emitters are vital for organic electronic
devices including OLEDs. Thus, extensive search for organic
dyes exhibiting E-type fluorescence (thermally activated
delayed fluorescence (TADF)) is booming [1-3]. The majority
of research results are protected by an impressive amount of
patent applications.

The first example of a blue TADF emitter based on a pyridine-
3,5-dicarbonitrile scaffold (to serve as an electron acceptor)
directly linked to a carbazole moiety (to serve as an electron
donor) was reported by the groups of Dong and Zhang in 2015
[4]. 2,6-Di(9H-carbazol-9-yl)-4-phenylpyridine-3,5-dicarbo-
nitrile (CPC) showed an extremely small singlet—triplet split-
ting and a fair photoluminescence quantum yield (PLQY). The

‘w{g

Dong, Zhang, 2015 [4] R’

EQEqax=21.2%
Arsenyan, Grazulevicius 2019 [5]
EQEnax=T7%

\ 7/

this work:

Beilstein J. Org. Chem. 2023, 19, 1867-1880.

optimized organic light-emitting diode (OLED) based on
13 wt % CPC doped in 1,3-bis(9H-carbazol-9-yl)benzene
(mCP) as host exhibited maximum current efficiency, power
efficiency, and external quantum efficiency (EQE) of
47.7cd A71, 42.8 Im W™!
Since then, this moiety has been modified by many scientific

, and 21.2%, respectively (Figure 1).
groups to improve its electroactive properties.

Various pyridine-3,5-dicarbonitriles bearing substituted
carbazoles were synthesized using different donating and
accepting groups to achieve optimal charge-transporting and
fluorescent properties within one TADF compound (Figure 1)
[5]. The obtained TADF emitters (453 to 550 nm) show photo-
luminescence quantum yields of up to 98% in oxygen-free tolu-
ene solutions. These TADF emitters are suitable for OLEDs
with brightness of 10 000 cd m~2, electroluminescence ranging
from blue to yellow, maximum current of 15 cd/A and higher
EQE than 7%.

% .

Lee, Yang 2020 [8] P
EQEmax = 29.1%

Arsenyan, Grazulevicius 2021 [7]
EQEnax = 25%

spacer

Figure 1: Chemical structures of pyridine-3,5-dicarbonitrile-based TADF emitters.
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Pyridine-3,5-dicarbonitrile-based TADF materials exhibit dif-
ferent visible light emission spectra (Figure 1). Recently, Chen
and Lu reported two new orange-red/red TADF emitters
composed of pyridine-3,5-dicarbonitrile-derived electron-
acceptor and acridine electron—donor moieties. The films of
molecular mixtures of these emitters with the hosts exhibited
excellent photophysical properties [6]. They showed PLQY of
up to 91%, tiny singlet—triplet energy gaps of 0.01 eV, and
ultrashort TADF lifetimes of less than 1 pus. TADF-OLEDs
based on these materials exhibited EQE,,x of up to 25.0% and
well-suppressed efficiency roll-offs. Green and orange normal/
dual TADF emitters were produced using compounds contain-
ing 3,6-di-tert-butylcarbazole and 3,7-dibromophenothiazine
moieties. Pyridine-3,5-dicarbonitriles substituted with 3,6-di-
tert-butylcarbazole were successfully leveraged as TADF emit-
ters in the fabrication of OLED with relatively high device life-
times and a high EQE,,,x of 25% [7]. An effective green TADF
was achieved for pyridine-3,5-dicarbonitriles with highly
twisted conformations that contain dimethylacridan substitu-
ents [8]. OLEDs based on phenyl-substituted pyridine-3,5-
dicarbonitrile showed very high EQE,,x of 29.1% due to a high
PLQY of 89% ascribed to the rigid acceptor geometry.

Br
Br
e SO
N ) HO —80/: Br
1 2
) N

\\

\

Beilstein J. Org. Chem. 2023, 19, 1867-1880.

In addition to the utilization of pyridine-3,5-dicarbonitriles in
OLEDs, an example of their application in photocatalysis has
been recently published [9]. 2,6-Bis(4-cyanophenyl)-4-(9-phe-
nyl-9H-carbazol-3-yl)pyridine-3,5-dicarbonitrile) exhibits two
aggregate states in aqueous dispersions: amorphous nano-
spheres and ordered nanofibers with m—m molecular stacking.
The nanofibers promoted the photocatalytic production of H;
while the nanospheres produced hydrogen peroxide (H,O,).

The introduction of the additional carbazolylphenyl moiety in
the CPC molecule [4] allowed us to improve the EQE,,,x of an
OLED to 25% [7]. In continuation of our studies in the field of
the development of new TADF emitters [10], we would like to
report our research results on the development of straightfor-
ward protocols for the synthesis and properties of polyaromatic
m-systems with two and three pyridine-2,6-dicarbazolyl-3,5-
dicarbonitrile fragments.

Results and Discussion
Synthesis

The sophisticated pyridine-3,5-carbonitriles 6—9 were synthe-
sized starting with 4-bromobenzaldehyde (1) (Scheme 1 and

Br

Br

//N

X

_ 61%

N Br

3
d 89%
e 69%

\

62%

Scheme 1: Synthesis of dicyanocarbazole 6. Reaction conditions: a) cyanoacetamide, piperidine, methanol, 40 °C, 48 h; b) POBrz, 170 °C, 1 h;
c) 3,6-di(tert-butyl)carbazole, NaH, THF, DMF, 0 — rt, 3 h; d) ethynyltrimethylsilane (2 equiv), PdCl>(PPhs)» (0.07 equiv), Cul (0.05 equiv), diiso-
propylethylamine, DMF, 55 °C, 12 h; e) KoCOg3 (2 equiv), MeOH/Et:0, 1 h; f) Pd(PPhg)4 (0.1 equiv), Cul (1 equiv), DMF/DIPEA, 80 °C, 48 h.
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Scheme 2). Thus, piperidinium 3,5-dicyano-6-hydroxy-4-(4-
bromophenyl)pyridin-2-olate (2) was prepared by cycloconden-
sation of 1 with cyanoacetamide in methanol in the presence of
piperidine. The conversion of 2 to the corresponding 2,6-
dibromo-4-(4-bromophenyl)pyridine-3,5-carbonitrile (3) was
carried out by melting of compound 2 with phosphorous
oxybromide without any solvent at 170 °C for 1 h in good yield.
According to the previously reported procedure [4,5], 2,6-
bis(3,6-di-tert-butylcarbazol-9-yl)-4-(4-bromophenyl)pyridine-
3,5-carbonitrile (4) was obtained by the interaction of 3,6-di-
tert-butyl-9H-carbazole with compound 3 in THF/DMF solu-
tion. The ethynylphenyl-substituted pyridine 5 was synthesized
by Sonogashira coupling of 4 with ethynyltrimethylsilane in the
presence of PdCl,(PPh3), and copper(l) iodide in DMF/DIPEA
solution at 55 °C with subsequent desilylation with potassium

carbonate. Finally, butadiyne 6 was prepared by a homocou-

Beilstein J. Org. Chem. 2023, 19, 1867-1880.

pling reaction of 5 with 80% yield. Derivatives containing two
dicyanopyridyl moieties, 7 and 8, were prepared starting with a
Sonogashira coupling of compound 4 with 4,4’-diethynyl-
biphenyl and 5,5’-diethynyl-3,3’-dihexyl-2,2’-bithiophene, re-
spectively. Finally, the snowflake-shaped compound 9 bearing
three dicyanopyridyl moieties was constructed by the treatment
of 1,3,5-triethynylbenzene with 3 equiv of 4. The structural
identity and purity of compounds 6-9 were confirmed by the
spectral data and elemental analyses. Remarkably, despite a
highly hindered structure, compound 9 exhibits good solubility

in non-polar solvents.

Photophysical properties
The electronic structures of compounds 6-9 in the ground and
excited states were investigated by steady-state luminescence

spectroscopy. Meanwhile, time-resolved spectroscopy at differ-

9, 64%

Scheme 2: Synthesis of dicyanocarbazoles 7-9. Reaction conditions: a) corresponding ethynyl arene, Pd(PhgzP)4 (5 mol %), Cu(l) (3 mol %), triethyl-

amine, DMF, 90 °C, 18 h.
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ent temperatures was used to investigate the nature of long-
lived emissions of 6-9 as it was previously done for the refer-
ence compound 2,6-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)-4-
(4-fluorophenyl)pyridine-3,5-carbonitrile (REF) [5].

Absorption spectra of dilute toluene, tetrahydrofuran (THF),
and chloroform solutions as well as of the films of compounds
6-9 are shown in Figure 2a,b. The nonstructured low-energy
bands at wavelengths of 350-450 nm are well seen in the
absorption spectra of 6-9. The wavelengths of peaks of these
low-energy absorption bands are collected in Table 1. A similar
band was previously observed for REF [5]. On the basis of the
results of the theoretical investigations, the low-energy absorp-
tion band of REF has been attributed to the intramolecular
charge transfer (ICT) caused by electron transfer from the donor
to the acceptor. The absorption spectrum of REF is included in
Figure 2a for comparison. Compounds 69 are characterized by
similar absorption bands also caused by electron transfer from
the 3,6-di-tert-butyl-9H-carbazole units to the pyridine-3,5-
dicarbonitrile moiety. The number of REF fragments in the
structures of compounds 6-9 does not have any strong effect on
the positions of their absorption spectra. As a result, similar
optical band gaps (E°P") of 2.74-2.8 eV were obtained for 6-9.
It should be noted that the 5,5’-diethynyl-3,3’-dihexyl-2,2’-
bithiophene bridge of compound 8 had a slight impact on its

a 1.0 4 - —6
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red-shifted absorption spectra in comparison to that of other
compounds (Figure 2a,b and Table 1).

The photoluminescence spectra of toluene solutions of the com-
pounds are characterized by non-structured shapes typical for
ICT emissions (Figure 2¢ and Figure S1 in Supporting Informa-
tion File 1) [11]. This interpretation is additionally supported by
redshifted and broadened PL spectra of their THF and chloro-
form solutions with respect to the toluene solutions. For exam-
ple, the intensity maxima at 525, 571, and 594 nm and full
widths at half maxima (FWHM) of 105, 130, and 154 nm were
obtained for toluene, chloroform, and THF solutions of com-
pound 8, respectively (Figure 2c, Table 1, and Figure S1 in Sup-
porting Information File 1). In comparison to the PL spectrum
of the toluene solution of REF, the PL spectra of toluene solu-
tions of compounds 6-9 were redshifted. Since the freedom of
movements (vibrations and rotations) of parts of REF are
prevented in the solid state, the PL spectra of the films of com-
pounds 6-9 were practically in the same spectral region
(Figure 2d). It should be noted that the PL spectra of the neat
films exhibit low-intensity high-energy bands and high-intensi-
ty low-energy bands. The presence of two distinct fluorescence
bands is an indication of the existence of molecular conforma-
tions separated by a barrier. This is a characteristic of twisted
internal charge transfer (TICT) states.
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Figure 2: Absorption (a, b) and PL (c, d) spectra of dilute toluene, THF, and chloroform solutions (10-5 M) and of the films of compounds 6-9.
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Table 1: Common physical parameters of compounds 6-9.

Compounds Medium 6

Aabs, NM toluene/film/mCP-based film 379/382/385
ApL, NM 555/552/522
FWHM, nm 125/127/118
PLQY, % 6.7/4/6.33
AEgT, eV mCP-based film 0.14
Eonsetsoxs V CHoCls solution 1.34
Eonsetsox vs Fes V 1.02
Eonset:red1 \ -1.15
Eonset:red vs Fc» v -1.47
Fconsets V 0.32

IPCV‘ eva 5.82

EAcv, eVP 3.33

IPPE eV film 6.15

EAFE eV 3.37

e, CM2/V-s -

T, °Cd powder -

Ty °C® 63

Ty, °C' 449

M, g/mol 1566

Beilstein J. Org. Chem. 2023, 19, 1867-1880.

7 8 9
378/381/385 391/392/394 368/369/391
539/544/511 525/550/516 544/548/520
114/121/116 104/122/109 119/123/114
7.6/6.4/7.3 17.1/7.4/9.6 9.15/6.3/8
0.21 0.25 0.24

1.52 1.37 1.50

1.09 1.06 1.08

-1.15 -1.32 -1.18
-1.58 -1.63 -1.60

0.43 0.31 0.42

5.89 5.86 5.88

3.22 3.17 3.20

6.21 6.20 6.04

3.41 3.46 3.28

5.7 x 10-5¢ - -

75 80 90

493 433 488

1718 1899 2424

aCalculated according to equation: EAcy = € (Eox 1/2 vs Fc — FC1/2 + 4.8) [eV]; Pcalculated according to equation: IPgy = —€ (Eved 1/2 vs Fc — FC1/2 + 4.8)
[eV]; Cat electric field of 8.1 x 10° V/cm; 9melting temperature at the 1st/2nd heating scan with a rate of 10 °C/min, N, atmosphere; €glass-transition
temperature at the 2nd heating scan; 5% weight loss temperature at the scan rate of 20 °C/min, Ny atmosphere.

It is worth of noting that the PL intensity of solutions of com-
pounds 6-9 is increased after deoxygenation by argon
(Figure 3a and Figure S2a in Supporting Information File 1).
The increase of PL intensity is attributed to a delayed fluores-
cence turn-on when the triplet quenching by oxygen is omitted.
This delayed fluorescence is TADF in nature as it is for com-
pound REF. The increments of PL are different for the toluene,
chloroform, and THF solutions. This observation shows that the
TADF properties of compounds 69 are sensitive to the medi-
um. For example, the ratios of PL intensities of deoxygenated
and air-equilibrated toluene, chloroform, and THF solutions of
4.86, 7.24, and 1.41 were obtained for compound 9 (Figure 3a
and Figure S2a, Supporting Information File 1). The TADF
properties of derivatives 6-9 are discussed in more detail below.
Long-lived emissions are detectable in the corresponding PL
decay curves (Figure 3b and Figure S2b in Supporting Informa-
tion File 1). The strongest PL intensity increment was detected
for compound 9 containing the biggest number of dicyano-
pyridyl moieties. It can be concluded, that the TADF properties
of REF-based molecules can be induced by linking additional
REF moieties through the appropriate bridges. Similarly, the
strongest TADF intensity was obtained for the neat films of
compound 9 and of compound 9 molecularly dispersed in the
host 1,3-bis(N-carbazolyl)benzene (mCP; Figure 3c,d and

Figure S3a in Supporting Information File 1). Low-energy
absorption bands of molecular mixtures of compounds 6-9 and
mCP are attributed to ICT bands of 6-9 (see Figure S3b in Sup-
porting Information File 1).

The temperature dependencies of PL spectra and PL decay
curves of the 10 wt % molecular dispersions of compounds 6-9
in mCP are plotted in Figure 4a,b and Figures S4 and S5 in Sup-
porting Information File 1. The PL intensity increased with in-
creasing temperature and the profiles of the PL spectra were
practically the same at the different temperatures proving the
fluorescence nature of long-lived emission (Figure 4c and
Figures S4-S6 in Supporting Information File 1). Two decay
regimes were obtained for the compounds 6-9. The initial decay
is attributed to prompt fluorescence and the other decay is
related to delayed fluorescence. The intensity of delayed fluo-
rescence grows with the temperature rising which is typical for
TADF compounds [12]. Such processes are possible because of
the relatively low energy gap (AEgt) between the lowest singlet
and triplet states (Figure 4d and Figure S7 in Supporting Infor-
mation File 1). A AEgt value of 0.24 eV was obtained for com-
pound 9. The highest photoluminescence quantum yield
(PLQY) of 17.1% was obtained for the dilute toluene solution
of compound 8 (Table 1). The neat film of compound 8 showed
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a more than twice lower PLQY which was enhanced using the
mCP host. The other compounds showed similar PLQY trends
(Table 1).

Thermal properties

The thermal stability and phase transitions of the synthesized
derivatives 6-9 were investigated utilizing thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC), re-
spectively. The experimental data are shown in Figure 5 and the
characteristics are collected in Table 1.

An amorphous character of the derivatives was identified. No
endothermic (melting) or exothermic (crystallization) transi-
tions were observed during the 1st and 2nd DSC heating and
cooling scans. However, glass transitions were detected for all
the studied compounds. The glass transition temperatures (7)
fall in the range between 63 and 93 °C (Figure 5b). A correla-
tion between the glass transition temperature and the molecular
weight of compounds 6-9 was observed. The T, values of the
derivatives increase gradually by 5-12 °C starting from com-
pound 6 which possesses the lowest molecular weight
(M = 1566 g/mol) up to compound 9 which possesses the
highest M value (2424 g/mol) [13]. A high thermal stability was
observed for all derivatives 6-9. Their 5% weight loss tempera-
tures (Ty) ranged from 433 to 493 °C (Figure 5a and Table 1).

Electrochemical properties

The electrochemical properties of compounds 6-9 were studied
by cyclic voltammetry (CV) selecting the electrochemical
window from —1.6 to 1.7 V and the CV data were corrected
using ferrocene (Fc) as inner standard. The CV curves are
shown in Figure 6 and the data are collected in Table 1. The
reduction onset potentials (Ereq onset) Of compounds 6-9 fall in

the range from —1.63 to —1.47 V, while the onset values of the

Weight loss, %

0 100 200 300 400 500 600 700 800 900 1000
Temperature, °C

Figure 5: TGA (a) and DSC 2nd heating (b) curves of compounds 6-9.
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first oxidation wave range from 1.02 to 1.09 V. The values of
Ered onset are comparable with those of recently published com-
pounds containing a dicyanopyridyl moiety as a central elec-
tron-accepting core [7]. In case of oxidation potentials (0.96 to
1.04 V) there is only a slight effect of the extended conjugation
between the dicyanopyridyl moieties. The results of CV mea-
surements were used to obtain the ionization potential (IPcy)
and electron affinity (EAcy) values of the compounds 6-9.
These values were obtained using the following equations:
IPcy = ¢ (Eonset,red — FConset +4.8), EAcy = ¢ (Eonset,ox ~
Fconset + 4.8) [7]. The IPcy values fall in a range of
5.80-5.90 eV, while the electron affinities (EAcy) vary from
3.20 to 3.33 eV (Table 1). The obtained values are comparable
to the corresponding ionization potentials (IPpg) and electron
affinities (EApg) obtained for the films by photoelectron emis-
sion spectrometry, presented and discussed in the following
section. Small differences between the results obtained for the
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Figure 6: CV curves of compounds 6-9.
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solutions and films appear to be due to different intermolecular
interactions, which differ in solid films (between target mole-
cules only) and solutions (between target molecules and mole-
cules of the solvent) of the investigated compounds [14,15].
Compared to the results previously reported for compounds
possessing a single dicyanopyridyl moiety [7,8,16], the studied
compounds showed higher /P and EA values. This observation
can be explained by the presence of additional dicyanopyridyl

fragments in compounds 6-9.

Photoelectrical and charge-transporting
properties

The ionization potentials (IPPE) of thin films were obtained by
photoelectron emission (PE) spectroscopy in air (Figure 7 and
Table 1). To generate photoelectrons detectable by a counter
electrode within the PE experiments, a low-power deuterium
UV lamp was used. It was previously shown that the PE tech-
nique gives practically the same IPPE values as they are re-
corded by other methods in vacuum [17]. The PE spectra as cur-
rent (i) versus photon energy (hv) dependences for thin films of
compounds 6-9 are built in the square root of i versus linear sv
plots according to the relation i ~ (hv — IPPE)2 [18]. The ioniza-
tion potentials, IPPE, were obtained by linear fitting of the linear
parts of the plots [19], and the IPPE values were taken at
crossing points of the fitting curves with the baseline (x-axis).
Compounds 6-9 are characterized by rather good hole-blocking
properties due to the high IPPE values of 6.04-6.21 eV. In
contrast, they are characterized by pertinent electron-injecting
properties because of the electron affinities (EAPE) of
3.28-3.46 eV. The EAFE values were calculated by the equa-
tion EAPE = JPPE — E 0Pt yusing E,°P" taken from the low-
energy edge of the absorption spectra of the corresponding
films (Figure 2b, Table 1).
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Figure 7: Photoelectron emission spectra of the vacuum-deposited
films of compounds 69 on glass substrates covered by FTO elec-
trodes.

We used time of flight (TOF) measurements to investigate the
charge-transporting properties of compounds 6-9. According to
the current transients for electrons with clearly seen transit
times in log—log scales, compound 7 is characterized by elec-
tron transport. The recorded current transients for electrons in
vacuum-deposited films of compound 7 show moderate disper-
sion (Figure 8a). In contrast, the hole transport was not
detected, apparently because of the low mobility of holes being
out of the detectable range of TOF measurements. The similar
situation was in the case of the other compounds which showed
current transients without detectable transit times (Figure S7 in
Supporting Information File 1). The electron mobility (p.) as
the function of the electric field was substantial for 7 with the
field dependence parameter (f) of 0.013 V/cm. This parameter
was obtained by fitting according to the formula of
Poole-Frenkel-type mobility (p =, eBE”Z). Compound 7 is

characterized by both good electron injecting and electron-

O

» 10-5_| O 7_:g|ectrons
> —— fitting
(\lE 5
5 1077
2
= 1074
o
E 108 4
g
g 107 +
i
1070 4

400 600 800

E1/2, v1/2/cm1/2

0 200 1000

Figure 8: The current transients (a) for electrons recorded at the different voltages for the vacuum-deposited films of compound 7 in a diode-like
structure ITO/film/Al. Excitation wavelength 355 nm, laser pulse duration 6 ns. b) Electric field dependence of electron mobility for the layer of 7 at

room temperature (295 K).
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transporting properties due to its EAPE of 3.45 eV and electron
mobility reaching 5.7 x 1070 cm?/Vs at the electric field of
8.1 x 10° V/cm (Figure 8).

Conclusion

Synthetically convenient protocols for the preparation of
sophisticated pyridine-3,5-carbonitriles containing carbazole
substituents in positions 2 and 6 were developed starting with
4-bromobenzaldehyde. The compounds were found to be
soluble in common organic solvents and to exhibit non-struc-
tured emission peaks in the green-yellow color region of the
spectrum. The PL intensity of the compounds in solution was
enhanced after deoxygenation, indicating the presence of triplet
harvesting by the mechanism of thermally activated delayed
fluorescence. The optical band gaps of the compounds were de-
termined to be 2.74-2.8 eV, while cyclic voltammetry measure-
ments demonstrated that the compounds possess excellent hole-
blocking properties due to their high ionization potentials.
Moreover, they exhibited appropriate electron-injecting proper-
ties, as evidenced by their electron affinities. Photoelectron
emission spectroscopy results confirmed the favorable electron-
transporting properties with high ionization potentials, support-
ing their potential application as electron-transporting materials
in OLEDs.

Overall, the polyaromatic m-systems with pyridine-3,5-dicarbo-
nitrile fragments demonstrated a range of attractive properties,
including efficient TADF, favorable charge transport, and ther-
mal stability. These findings open up new possibilities for the
design and development of high-performance OLEDs and other
organic electronic devices. Further investigations and optimiza-
tions of the properties of such compounds may lead to the reali-
zation of environmentally friendly and cost-effective OLED

technologies.

Experimental
Synthesis

Unless otherwise stated, all reagents were purchased from com-
mercial suppliers and used without further purification. Thin-
layer chromatography (TLC) was performed using Merck Silica
gel 60 F254 plates and visualized by UV (254 nm) fluores-
cence. Zeochem silica gel (ZEOprep 60/35-70 microns —
SI123501) was used for column chromatography. 'H and
13C NMR spectra were recorded on a Bruker 400 spectrometer
at 400 and 101 MHz, respectively, at 298 K in CDCl;. The cor-
responding spectra are given in Supporting Information File 1.
The 'H chemical shifts are given relative to residual CHCl3
signal (7.26 ppm), '3C chemical shifts are given relative to
CDCl3 (77.16 ppm). The melting points were determined on a
“Digital melting point analyzer” (Fisher), and the results are

given without correction. Reagents and solvents were pur-
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chased from common vendors such as ACROS, Fluorochem,
ABCR, and others.

Piperidinium 3,5-dicyano-6-hydroxy-4-(4-bromo-
phenyl)pyridin-2-olate (2). A mixture of cyanoacetamide
(10.51 g, 0.125 mol, 2.5 equiv), piperidine (14.81 mL, 0.15 mol,
3 equiv), and MeOH (150 mL) was heated until complete disso-
lution. The mixture was cooled to rt and 4-bromobenzaldehyde
(1, 9.25 g, 0.05 mol, 1 equiv) was added. The mixture was
vigorously stirred at 40 °C for 48 h. Then solvents were evapo-
rated to a half of volume and after cooling the precipitate was
filtered. The crude product was washed with cold MeOH and
EtOAc and dried under reduced pressure yielding 2 (7.40 g,
35%) as white powder, which was used in the next reaction
without further purification. "H NMR (400 MHz, DMSO-dg)
7.67-7.66 (m, 2H), 7.37-7.33 (m, 2H), 3.02-2.99 (m, 4H),
1.63-1.51 (m, 6H); MS-ESI™ (m/z): 315 ([M - H -
piperidine]™, 100).

2,6-Dibromo-4-(4-bromophenyl)pyridine-3,5-dicarbonitrile
(3). A mixture of compound 2 (1.16 g, 2.89 mmol, 1 equiv) and
POBr3 (2.49 g, 8.68 mmol, 3 equiv) was heated with stirring in
an oil bath at 170 °C for 1 h. After cooling, the reaction was
quenched by the addition of ice and the precipitate was filtered
off. The crude product was purified by flash chromatography on
silica gel using chloroform as eluent yielding compound 3
(1.0 g, 78%) as white powder. Mp > 200 °C; 'H NMR
(400 MHz, DMSO-dg) 7.91-7.79 (m, 2H), 7.63-7.50 (m, 2H);
GC-MS: 442 [M]".

2,6-Bis(3,6-di-tert-butylcarbazol-9-yl)-4-(4-bromo-
phenyl)pyridine-3,5-dicarbonitrile (4). Sodium hydride (60%
oil dispersion, 180 mg, 5.36 mmol, 3.2 equiv) was added to
THF (15 mL) under Ar atmosphere. Then, 3,6-di-fert-butyl-9H-
carbazole (1.40 g, 5.3 mmol, 3 equiv) was added at 0 °C, the
suspension was stirred for 30 min and then, a DMF (5 mL)
solution of compound 3 (0.74 g, 1.67 mmol, 1 equiv) was
added. The mixture was stirred at rt for 3 h (TLC) before it was
poured into ice-water. The suspension was extracted with
chloroform (5 X 30 mL) and dried over NaySQOy. After the sol-
vent was removed, the crude yellow product was carefully
washed twice with acetonitrile to remove the starting materials.
Further purification was achieved using flash chromatography
on silica gel (eluent: dichloromethane/petroleum ether 1:2).
Compound 4 (0.86 g, 61%) was obtained as bright yellow
powder. Mp > 200 °C; 'H NMR (400 MHz, CDCl3) 8.10 (d, J =
1.6 Hz, 4H), 7.86 (d, J = 8.5 Hz, 2H), 7.76 (d, J = 8.5 Hz, 2H),
7.71 (d,J = 8.7 Hz, 4H), 7.48 (dd, J = 7.8, 1.9 Hz, 4H), 1.46 (s,
36H); MS-ESI* (m/z): 839 (M + H]*, 100); Anal. calcd for
Cs53H5,BrNs: C, 75.88; H, 6.25; N, 8.35; found: C, 75.56; H,
6.30; N, 8.45.
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2,6-Bis(3,6-di-tert-butylcarbazol-9-yl)-4-(4-ethynyl-
phenyl)pyridine-3,5-dicarbonitrile (5). A mixture of com-
pound 4 (1.0 g, 1.19 mmol, 1 equiv), PdCl,(PPh3), (58 mg,
0.083 mmol, 0.07 equiv), Cul (11 mg, 0.06 mmol, 0.05 equiv)
in 2 mL of DMF and 2 mL of DIPEA was degassed with Ar.
Then, ethynyltrimethylsilane (0.34 mL, 2.38 mmol, 2 equiv)
was added and the reaction mixture was stirred at 55 °C
overnight. The mixture was poured into sat. aqueous solution of
NH4CI and extracted with dichloromethane (4 x 60 mL). The
combined extracts were washed with water, brine, and dried
over NaySQOy4. After evaporation of the solvent, the crude
residue was purified by flash chromatography on silica gel
using a mixture of chloroform/petroleum ether/acetone 9:12:0.4
as eluent. 2,6-Bis(3,6-di-tert-butyl-9H-carbazol-9-yl)-4-(4-(tri-
methylsilylethynyl)phenyl)pyridine-3,5-dicarbonitrile (0.90 g,
89%) was obtained as bright yellow powder. Mp > 200 °C;
'H NMR (400 MHz, CDCl3) 8.11 (d, J = 1.9 Hz, 4H),
7.87-7.76 (m, 4H), 7.72 (d, J = 8.9 Hz, 4H), 7.49 (dd, J = 8.8,
1.9 Hz, 4H), 1.47 (s, 36H), 0.31 (d, J = 1.0 Hz, 9H); '3C NMR
(101 MHz, CDCl3) 163.16, 154.51, 146.43, 136.98, 132.85,
132.58, 129.64, 127.20, 125.71, 124.18, 116.57, 114.00, 112.34,
103.64, 99.21, 98.30, 34.90, 31.81; MS-ESI* (m/z): 856
(IM + H]%, 100). Next, potassium carbonate (69 mg, 0.5 mmol,
1 equiv) was added to a solution of 2,6-bis-(3,6-di-tert-butyl-
9H-carbazol-9-yl)-4-(4-(trimethylsilylethynyl)phenyl)pyridine-
3,5-dicarbonitrile (430 mg, 0.5 mmol, 1 equiv) in methanol
(70 mL) and diethyl ether (20 mL) and the mixture was stirred
under Ar for 1 h (TLC control). Then, the reaction mixture was
diluted with dichloromethane and poured into water. The
aqueous layer was extracted with dichloromethane (2 x 50 mL),
the combined organic extracts were washed with water and
brine, and dried over NaySOy. After removal of the solvent the
residue was purified by flash chromatography on silica gel,
eluting with DCM/petroleum ether 1:1.5 — 1:1. Compound §
was obtained (270 mg, 69%) as bright yellow powder.
Mp > 200 °C; 'H NMR (400 MHz, CDCl3) 8.10 (dd, J = 2.0,
0.6 Hz, 4H), 7.89-7.78 (m, 4H), 7.71 (dd, J = 8.7, 0.6 Hz, 4H),
7.48 (dd, J = 8.8, 2.0 Hz, 4H), 3.28 (s, 1H), 1.46 (s, 36H).

4,4'-(Buta-1,3-diyne-1,4-diylbis(4,1-phenylene))bis(2,6-
bis(3,6-di-tert-butyl-9H-carbazol-9-yl)pyridine-3,5-dicarbo-
nitrile) (6). A solution of compound 5 (130 mg, 0.166 mmol,
1 equiv) in DMF (2 mL) and DIPEA (1 mL) was bubbled with
Ar. Then, Pd(PPh3)4 (19 mg, 0.0166 mmol, 0.1 equiv) and Cul
(32 mg, 0.166 mmol, 1 equiv) were added and the mixture was
stirred at 80 °C for 48 h. The reaction mixture was diluted with
water and the product was extracted with dichloromethane
(3 X 40 mL), washed with water, and brine. After evaporation of
solvents the crude product was purified by flash chromatogra-
phy on silica gel with DCM/petroleum ether 1:2 — 1:1. Deriva-
tive 6 was obtained as yellow powder (80 mg, 62%).
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Mp > 200 °C; IR vpay (film): 2227, 1550; "H NMR (400 MHz,
CDCl3) 8.11 (dd, J = 2.0, 0.6 Hz, 8H), 7.90 (s, 8H), 7.73 (dd,
J = 8.8, 0.5 Hz, 8H), 7.49 (dd, J = 8.8, 2.0 Hz, 8H), 1.46 (s,
72H); 13C NMR (101 MHz, CDCl3) 162.83, 154.53, 154.50,
146.56, 146.52, 136.96, 133.59, 133.50, 133.11, 129.93, 129.72,
126.17, 125.78, 125.76, 125.54, 124.23, 124.21, 116.61, 114.01,
112.43, 99.12, 99.00, 34.93, 31.83; Anal. calcd for
Ci10H104N10: C, 84.36; H, 6.69; N, 8.94; found: C, 83.97; H,
6.70; N, 8.70.

General method for the synthesis of

compounds 7-9

A mixture of 2,6-bis(3,6-di-fert-butyl-9H-carbazol-9-yl)-4-(4-
bromophenyl)pyridine-3,5-dicarbonitrile (4, 168 mg, 0.2 mmol,
1 equiv), tetrakis(triphenylphosphine)palladium(0) (11.6 mg,
0.01 mmol, 0.05 equiv), Cul (1.2 mg, 0.006 mmol, 0.03 equiv)
in 2 mL of DMF was degassed with Ar. Then, the appropriate
ethynyl derivative (0.24 mmol, 1.2 equiv) and 1 mL of triethyl-
amine were added and the resulting mixture was heated at 90 °C
for 18 h. Then, the mixture was poured on ice and extracted
with dichloromethane (4 x 30 mL). The solution was filtered
through celite and dried over Na,SOy4. The solvent was re-
moved under reduced pressure and the yellow powder was puri-
fied by flash chromatography on silica gel.

4,4’-(([1,1’-Biphenyl]-4,4’-diylbis(ethyne-2,1-diyl)bis(4,1-
phenylene))bis(2,6-bis(3,6-di-tert-butyl-9H-carbazol-9-
yl)pyridine-3,5-dicarbonitrile) (7). Two equiv of compound 4,
1 equiv of 4,4’-diethynylbiphenyl were employed. After evapo-
ration of the solvent the crude product was purified by flash
chromatography on silica gel with dichloromethane/petroleum
ether 1:1 — 2:1. Compound 7 was isolated as yellow powder
(193 mg, 75%). Mp > 200 °C; IR vy, (film): 2228, 1602, 1538,
1530; 'H NMR (400 MHz, CDCl3) 8.12 (d, J = 2.0 Hz, 8H),
7.95-7.83 (m, 8H), 7.74 (d, J = 8.8 Hz, 8H), 7.72-7.64 (m, 8H),
7.50 (dd, J = 8.8, 2.0 Hz, 8H), 1.47 (s, 72H); '3C NMR
(101 MHz, CDCl3) 163.18, 154.58, 146.47, 140.57, 137.01,
132.54, 132.44, 132.41, 129.87, 127.40, 127.07, 125.76, 124.22,
122.07, 116.61, 114.14, 112.40, 99.16, 34.93, 31.84; Anal.
caled for CipoH 12Njo: C, 85.28; H, 6.57; N, 8.15; found: C,
84.98; H, 6.60; N, 8.00.

4,4-(((3,3’-Dihexyl-[2,2’-bithiophene]-5,5’-diyl)bis(ethyne-
2,1-diyl)bis(4,1-phenylene)bis(2,6-bis(3,6-di-tert-butyl-9H-
carbazol-9-yl)pyridine-3,5-dicarbonitrile) (8). Two equiv of 4
per 1 equiv of 5,5’-diethynyl-3,3’-dihexyl-[2,2’ |bithiophene
were employed. After evaporation of the solvent the crude prod-
uct was purified by flash chromatography on silica gel with
chloroform/petroleum ether/acetone 9:15:0.4 by volume. The
product 8 was obtained as orange powder (172 mg, 20%).
Mp > 200 °C; IR vpax (film): 2252, 2240, 1538, 1532, 1425;
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'H NMR (400 MHz, CDCl3) 8.11 (d, J = 2.0 Hz, 8H),
7.93-7.80 (m, 8H), 7.73 (d, J = 8.7 Hz, 8H), 7.50 (dd, J = 8.8,
2.0 Hz, 8H), 7.27 (s, 2H), 2.56 (t, J = 7.8 Hz, 4H), 1.62-1.56
(m, 4H), 1.46 (s, 72H), 1.36-1.29 (m, 12H), 0.94-0.84 (m, 6H);
13C NMR (101 MHz, CDCl3) 163.10, 154.57, 146.47, 143.22,
137.00, 134.50, 132.46, 132.24, 130.63, 129.89, 127.06,
125.74,124.21, 122.56, 116.60, 114.11, 112.38, 99.13, 92.84,
86.01, 34.93, 31.83, 31.65, 30.67, 29.07, 28.89, 22.60, 14.12;
Anal. calcd for Cy39H 32N S;: C, 82.24; H, 7.01; N, 7.38;
found: C, 81.59; H, 7.13; N, 6.95.

4,4’,4”°-((Benzene-1,3,5-triyltris(ethyne-2,1-diyl)tris(ben-
zene-4,1-diyl))tris(2,6-bis(3,6-di-tert-butyl-9H-carbazol-9-
yDpyridine-3,5-dicarbonitrile) (9). Three equiv of compound
4 per 1 equiv of 1,3,5-triethynylbenzene were employed. After
evaporation of the solvent the crude product was purified by
flash chromatography on silica gel eluting with DCM/petro-
leum ether 1:2 — 2:1. The product 9 was obtained as orange
powder (280 mg, 64%). Mp > 200 °C; IR vy (film): 2229,
1608, 1532; 'H NMR (400 MHz, CDCl3) 8.13-8.08 (m, 12H),
7.96-7.87 (m, 12H), 7.82 (s, 3H), 7.76-7.71 (m, 12H), 7.50 (dd,
J = 8.8, 2.0 Hz, 12H), 1.46 (s, 108H); '*C NMR (101 MHz,
CDCl3) 163.09, 154.56, 146.50, 137.00, 132.86, 132.69,
129.93, 126.80, 125.76, 124.23, 116.61, 114.09, 112.40, 99.15,
90.69, 34.93, 31.83; Anal. calcd for C17;H 59N15: C, 84.72; H,
6.61; N, 8.67; found: C, 84.54; H, 6.60; N, 8.55.

Measurements

In this experimental investigation, thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) were em-
ployed to characterize the thermal properties of the samples.
The measurements were performed using a TA instrument TGA
Q50 apparatus for TGA and a TA instrument DSC Q2000 series
thermal analyzer for DSC. During the TGA experiments, the
samples were subjected to controlled heating at a rate of
20 °C/min under a nitrogen atmosphere. TGA allows us to
observe the weight changes of the samples as a function of tem-
perature, providing valuable insights into processes such as de-
composition, volatilization, and oxidation. In the case of DSC
measurements, the samples were heated at a rate of 10 °C/min
in a nitrogen environment. DSC allows us to investigate the
enthalpy changes associated with phase transitions, crystalliza-
tion, and other thermal events occurring in the samples. The
choice of a nitrogen atmosphere in both TGA and DSC experi-
ments is significant as it helps to prevent undesired reactions
with atmospheric components, ensuring a controlled and inert
environment. These optimized experimental conditions enable

accurate and reproducible data acquisition.

Tonization potential (/PPE) determination: The IPFE analysis

was conducted using electron photoemission spectrometry, a
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technique for investigating the energy required to remove an
electron from a solid material. Thin film samples were precisely
prepared through vacuum deposition onto cleaned fluorine-
doped tin oxide (FTO)-coated glass substrates, maintained at a
low pressure of 2 x 107% mbar to ensure sample integrity.
During the IPPE experiment, a negative voltage of 300 V was
applied to the sample substrate, promoting electron emission
from the surface. The photoelectron emission spectra were re-
corded using a Spectral Products® 30 W deep UV deuterium
light source (180-400 nm) ASBN-D130-CM, coupled with the
CM110 1/8 m monochromator, which allowed precise control
of the incident photon wavelength. To measure the photocur-
rent flowing in the circuit under illumination, a Keithley 6517B
electrometer/high resistance meter was utilized, providing accu-
rate and sensitive readings. An energy scan of the incident
photons was performed by systematically changing the wave-
length with the monochromator in 1 nm steps, covering the
range from 280 to 180 nm. The IPPE was subsequently esti-
mated by identifying the intersection points of the extrapolated
linear portion of the dependence of the square root of the time
derivative of voltage (dU/dr)!/? with respect to the incident
photon energy (hv) and the Av axis. This approach allowed for a
precise determination of the IPPE, facilitating a deeper under-
standing of the electron behavior and electronic properties of
the studied materials.

UV-vis absorbance, photoluminescence (PL), and phosphores-
cence spectroscopy were used to study the optical properties of
the compounds under investigation. For UV—vis absorbance
spectra, solutions or films of the compounds were analyzed
using an Avantes AvaSpec-2048XL spectrometer, which
allowed us to assess the compounds’ absorption characteristics
across the ultraviolet and visible regions. Emission spectra of
solutions and films were recorded using an Edinburgh Instru-
ments FLS980 spectrometer, enabling a detailed investigation
of the emission behavior of compounds. The choice of toluene,
THF, and CHClI3 as solvents in our study was based on their
different polarities. By using these solvents, we aimed to inves-
tigate and visualize the charge transfer nature of the organic
compounds under study through their spectra. To prepare the
films, we used a spin-coating method by using a high-concen-
tration THF solution (2 mg/mL). To study the phosphorescence
spectra of Me-THF solutions, measurements were performed at
an ultra-low temperature of 77 K, with and without a delay after
excitation. This experimental setup ensured that we could
capture the long-lived phosphorescence signals with high sensi-
tivity and accuracy. To explore the temperature-dependent
photoluminescence behavior of thin films, steady-state and
time-resolved PL spectra were acquired using an Oxford Instru-
ments Optistat DN2 cryostat, which was cooled with liquid

nitrogen. The PL decay curves were obtained using a Pico-

1878



Quant LDH-D-C-375 laser as the excitation source, operating at
a wavelength of 374 nm, further allowing us to analyze the lu-
minescence dynamics in detail. To determine photolumines-
cence quantum yields (PLQY), a dedicated integrated sphere
with an inner diameter of 120 mm was used in conjunction with
the Edinburgh Instruments FLS980 spectrometer. This special-
ized setup enabled accurate measurements of the PLQY, shed-
ding light on the efficiency of light emission from the com-
pounds. By employing this comprehensive array of spectroscop-
ic techniques and experimental setups, we obtained a thorough
understanding of the optical properties and luminescent charac-
teristics of the studied compounds.

To accurately assess the hole and electron mobility in vacuum-
deposited layers of the investigated compounds, we employed
the time-of-flight (TOF) method, a reliable technique for
characterizing charge transport in organic materials. Our
TOF experiments involved samples with a structured
configuration comprising indium—tin oxide (ITO) as the bottom
electrode, a few um thick organic layer as the active medium,
and aluminum as the top electrode. The entire deposition
process was carried out under a vacuum exceeding
2 x 107% mbar to ensure the integrity and purity of the layers. In
our TOF setup, we utilized an EKSPLA NL300 laser, with a
wavelength of 355 nm, as the excitation source to create charge
carriers within the organic layer. By applying various positive
and negative external voltages (U) to the samples using
the Keithley precision 6517B electrometer, we were able to
investigate hole and electron transport under different
electric fields. To measure the transit time (#;) of charge
carriers, we utilized the TDS 3032C oscilloscope by Tektronix
to record the photocurrent transients of holes or electrons.
Subsequently, we estimated the charge mobility (u) using the
formula p = d2/(U x t,.), where d represents the thickness of the
organic layer, and U corresponds to the applied voltage over the
sample.

Cyclic voltammetry (CV) measurements were conducted using
a mAUTOLAB type III galvanostat, employing a glassy carbon
working electrode in a three-electrode cell configuration. The
experiments were carried out in a controlled environment with
0.1 M tetrabutylammonium hexafluorophosphate as the elec-
trolyte and anhydrous dichloromethane as the solvent, main-
taining room temperature conditions under a nitrogen atmo-
sphere. To ensure accurate potential measurements, the system
utilized silver as a quasireference electrode, while a platinum
wire served as a counter electrode to facilitate the redox reac-
tions. For calibration purposes, the potentials were standardized
using the standard ferrocene/ferrocenium (Fc/Fc™) redox
system, a well-known and widely used reference for estab-

lishing electrochemical potential scales. The CV technique pro-
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vided detailed cyclic voltammograms, allowing us to analyze
the redox behavior and electrochemical properties of the com-

pounds under investigation.

Supporting Information

Supporting Information File 1

Additional steady-state, time-resolved photoluminescence
spectra, photoluminescence decay curves, charge transport
characteristics, IR, and NMR spectra.

[https://www beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-139-S1.pdf]
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Abstract

2,2’-Bis(4-dimethylaminophenyl)- and 2,2'-dicyclohexyl-1,1",3,3'-tetramethyl-2,2",3,3'-tetrahydro-2,2'-bibenzo[d]imidazole
((N-DMBI); and (Cyc-DMBI),) are quite strong reductants with effective potentials of ca. =2 V vs ferrocenium/ferrocene, yet are
relatively stable to air due to the coupling of redox and bond-breaking processes. Here, we examine their use in accomplishing elec-
tron transfer-induced bond-cleavage reactions, specifically dehalogenations. The dimers reduce halides that have reduction poten-
tials less cathodic than ca. =2 V vs ferrocenium/ferrocene, especially under UV photoexcitation (using a 365 nm LED). In the case
of benzyl halides, the products are bibenzyl derivatives, whereas aryl halides are reduced to the corresponding arenes. The poten-
tials of the halides that can be reduced in this way, quantum-chemical calculations, and steady-state and transient absorption spec-

troscopy suggest that UV irradiation accelerates the reactions via cleavage of the dimers to the corresponding radical monomers.

Introduction
Reductive dehalogenation reactions of organic halides can be  vance to the treatment of waste halogenated polymers. While
used in organic synthesis as a means of generating carbon-  such reactions can be achieved using highly reducing metals,

centered radical or anion intermediates and could have rele- molecular reductants can potentially enable more selectivity, as

1912


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:stephen.barlow@colorado.edu
mailto:seth.marder@colorado.edu
https://doi.org/10.3762/bjoc.19.142

required for the use of such reactions in the synthesis of mole-
cules bearing various functional groups. In particular, Wanzlick
dimers (C=C-bonded dimers of N-heterocyclic carbenes,
Figure 1a, i) have been used by Murphy’s group and others for
a variety of transformations, such as the formation of indolines
from N-allyl-2-iodoanilines [1], indanones from 3-(2-
halophenyl)propanoic esters [2,3], and 3-methyl-2,3-dihy-
drobenzofuran from 1-allyloxy-2-halobenzenes [4]. Related
species have also been used to initiate the coupling of aryl
halides and arenes [5]. However, even relatively easily reduced
organic halides have sufficiently cathodic reduction potentials

Beilstein J. Org. Chem. 2023, 19, 1912-1922.

(e.g., ca. —1.6 V and —1.8 vs ferrocenium/ferrocene (Fesz”O)
for diethyl bromomalonate [6] and 4-iodotoluene, see Table 2,
respectively) that simple one- or two-electron donors capable of
exergonic ground-state electron transfer to these substrates will
be rather air sensitive, complicating their handling and use. In
addition some molecular reductants can themselves react with
the reactive intermediates; for example, the dehalogenation of
alkyl halides, RX, by CoCp, (Cp = no-cyclopentadienyl;
E =-1.3V vs FeCp,*0), gives CoCp,™ and X, but the organic
radicals R® react with another molecule of CoCp, to afford
Con(r]4—C5H5R) [7]. In some cases, issues of reductant air

a) Wanzlick dimers red red?* b) photocatalysts + sacrificial reductants
and related species
sacrificial
further products

2 RX 2 [RX-] redlructant /’ .
) . R’3N [R'3N™]
i) used directly N further products cat.
red = hv

' RX [RX"]

MesN

i) generated in situ

/
NT O h

2 [\>_< 2N ' =
N O Phep PPh,

N N Nq NAN
LA Bsd OO

27 N\_/ \
Ns =N N=

- further products

—

NMe,

o—

heat or wet + N N ~
l organic 2 K'[(Me3Si)N7] 2 K*[t-BuO"] _ .,
solvent PhsR, PPh; _ 'N NG o
N/ \N -
[ ‘ _: ] = |N Cz Cz
N N X Cz
\ / 3
PhsF,’/ \\PPh3 N\ Cz = 9-carbazolyl
c) this work .
N— Y\ N+
@N%N Y—</ j@
DAY N
(Y-DMBI), 2 Y-DMBI* Y /
Y (Y-DMBI), Y-DMBI*
- +
2 RX 2 [RX"] Me (Me-DMBI), Me-DMBI
\> further products w (Cyc-DMBI), Cyc-DMBI*
--@NMeZ (N-DMBI), N-DMBI*

Figure 1: (a, b) Schematics of previous approaches to dehalogenation-based reactions using molecular reductants, along with representative struc-
tures of reductants and photocatalysts used, and (c) schematic for the present approach, along with structures of 1,1',3,3"-tetramethyl-2,2',3,3'"-tetra-
hydro-2,2'-bibenzold]imidazoles, (Y-DMBI),, and the corresponding monomer cations, specifically the first reported in the literature and those used in

this work.
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sensitivity can be circumvented by the use of photocatalysts in
concert with sacrificial weak reductants (Figure 1b) [8-11].
Another approach is to add ambient-stable precursors to reac-
tion mixtures: for example, reducing Wanzlick dimers and

related species (Figure la, ii) have been formed from precur-

sors through in situ decarboxylation [12] or deprotonation [4,5],

while other reducing species have been formed from in situ

reactions of simple diols or diamines [13].

Another approach is to utilize dimers formed by highly
reducing radicals, such the bibenzoimidazoles (Y-DMBI),
(Figure 1c). (Me-DMBI), was first reported in 1984 and used as
a reductant in studies of electrochemically generated reactive
species [14-16]. More recently, several examples, including
(Cyc-DMBI); (Y = cyclohexyl) and (N-DMBI), (Y = 4-di-
methylaminophenyl) have been used as effective n-dopants for
organic semiconductors [17-24] and redox mediators for the
electrochemical depolymerization of poly(ethylene terephtha-
late) [25]. These dimers (D, = (Y-DMBI);) undergo reactions
with organic semiconductors A to afford two monomeric
Y-DMBI* (DY) cations and two reduced semiconductors, A"~
The effective redox potentials, E(D*/0.5D,), are estimated to be
ca. =2 V vs FeCp,™0, yet the dimers are reasonably stable to air
due to the kinetic barriers associated with the coupling of elec-

Table 1: Debromination of benzyl bromide (1a).

0.5 equiv (Y-DMBI),

@_\ UV (365 nm LED)
Br THF

Beilstein J. Org. Chem. 2023, 19, 1912-1922.

tron-transfer and bond-cleavage reactions [26]. Here we demon-
strate that (N-DMBI), and (Cyc-DMBI), (Figure 1c) can be
used to accomplish dehalogenation of benzyl, alkyl, and aryl
halides (RX) and discuss the scope and possible mechanism of
these reactions.

Results and Discussion
Reaction of (Y-DMBI)» with benzyl bromide

We began our investigations of dehalogenation reactions using
benzyl bromide (BnBr, 1a), which has a reduction peak poten-
tial (Epe) of =1.6 V vs FeCp,*/0, as the substrate (RX),
anhydrous THF (without stabilizer) as the solvent, and
(N-DMBI), or (Cyc-DMBI), as a stoichiometric reductant
(0.5 equiv, assuming one electron is needed for each substrate
molecule and that each dimer molecule contributes two elec-
trons). Reaction outcomes were analyzed by GC-MS (see Sup-
porting Information File 1 for details); products were identified
based on the observed m/z values and comparison of retention
times with authentic samples, while conversions and yields
were based on calibration curves established using authentic
samples. Table 1 summarizes the conversion of BnBr and prod-
uct yields at various reaction times, with or without dimers, and
with or without irradiation at a nominal wavelength of 365 nm
(see Supporting Information File 1 for experimental details and

Wk 9

BnBr, 1a BnH Bn,

Entry Time [h] uv [BnBr] [nM]2  Reductant Conversion [%]°  BnH yield [%]° Bny yield [%]°
1 1 no 3.0 (N-DMBI) 20 13 10
2 0.5 yes 3.0 (N-DMBI), 90 8.6 82
3 1 yes 3.0 (N-DMBI); 100 9 92
4 1 no 3.0 (Cyc-DMBI), 10 5 5
5 0.5 yes 3.0 (Cyc-DMBI), 70 4 65
6 1 yes 3.0 (Cyc-DMBI), 100 4 95
7 1 no 18.7 (N-DMBI); 29 75 22
8 2 no 18.7 (N-DMBI); 39 9 30
9 18 no 18.7 (N-DMBI); 61 7 52
10 1 yes 18.7 (N-DMBI); 70 6 66
11 2 yes 18.7 (N-DMBI); 80 6 74
12 2 yes 18.7 - 6 6 -
13 4 yes 18.7 (N-DMBI); 92 6 86
14 18 yes 18.7 (N-DMBI); 100 8 93
15 18 yes 18.7 - 61 58 —c

23.0 and 18.7 mM BnBr concentrations used, BnBr in quantities of 12 and 75 pmol (2 and 13 mg), respectively, corresponding to dimer quantities of
6.0 and 37.5 pmol, respectively (3.2 and 20 mg for (N-DMBI)y; 2.8 and 17 mg for (Cyc-DMBI),. °Conversions and yields were determined by GC-MS

as described in Supporting Information File 1. “None detected.
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see [27] for the spectrum of the excitation source used), which
is anticipated to selectively excite the dimeric reductants rather
than the substrate (see below and Supporting Information File 1,
Figure S4 for further details). In the dark at low concentrations
of substrate and reductant low conversions are observed after
1 h (Table 1, entry 1), with the dehalogenation products being a
mixture of toluene and bibenzyl, i.e., RH and R, products,
which were identified by the masses observed through GC-MS
and through comparison of the GC-MS retention times with
authentic samples. Higher concentrations and reaction times
(entries 7-9 in Tabe 1) lead to larger extents of conversion (up
to 61% at 18 h) and favor formation of bibenzyl over toluene
(up to 52% yield at 18 h). [BnBr]*~ presumably cleaves to
afford Bn®, which can react further to form Bn, (see following
section) or can form toluene through reaction with THF, which
is known to have a reasonably weak a-CH bond and act as a H*
donor towards many radicals [28-31].

The reaction is substantially accelerated by UV excitation at
365 nm; quantitative conversion of benzyl bromide at low
initial concentration (3 mM) can be achieved within 1 h using
both (N-DMBI); or (Cyc-DMBI), and UV (Table 1, entries 3
and 6), while even at higher substrate concentrations (18.7 mM)
80% and near-quantitative (>90%) conversions can be obtained
using (N-DMBI), within 2 h and 4 h, respectively (Table 1,
entries 11 and 13). We also investigated the impact of photoex-
citation in the absence of the dimeric reductant; however,
extents of conversion are much lower for a given reaction time
(compare entries 12 and 15 to 11 and 14 in Table 1) and the sole
detected product is toluene rather than bibenzyl.

Furthermore, in one of the cases of complete conversion
(Table 1, entry 14), 'H NMR spectroscopy indicated that the
reductant-based side product is a salt of the monomeric cation
N-DMBI* (Supporting Information File 1, Figure S15). Thus,
the overall reaction is consistent with:

N-DMBI),+ 2BnBr — 2(N-DMBI)"+ 2Br™ + Bn, (1
6]

Scope of reaction (Y-DMBI)» with other
benzyl, alkyl, and aryl halides

Table 2 summarizes the conversions and product yields for the
reactions of (N-DMBI), or (Cyc-DMBI), with several other
benzyl halides (1b—e), an alkyl halide 2, and several aryl halides
(3a—f). Again GC-MS was used to identify and quantify the
products; the necessary authentic samples were mostly commer-
cially available, but the R, products from 1b and 1¢ were not,
although well-known in the literature (for example, see ref.
[32]), and were synthesized as described in Supporting Informa-

tion File 1. More complete data are shown in Supporting Infor-
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mation File 1, Tables S1 and S2. As in the case of 1a, conver-
sions and yields under UV irradiation in the absence of reduc-
tant are low on a 2 h timescale (£10%) and the main products
are those in which the halide is replaced by a hydrogen atom.
The more easily reduced benzyl halides examined (1b and 1c)
are dehalogenated by (N-DMBI), in the dark, and with
(N-DMBI); and UV irradiation are quantitatively dehalo-
genated in 2-6 h with the corresponding substituted bibenzyls
being the dominant products. These reaction conditions repre-
sent an alternative metal-free approach to the conventional syn-
thesis of bibenzyls through the reaction of Grignard or organo-
lithium reagents with benzyl halides, or to the use of highly
active metal reagents [33-36] or metal-containing catalysts [32].
We note that another all-organic reductive dimerization of
benzyl halides using 2,3,5,6-tetrakis(tetramethylguanidino)pyri-
dine has recently been reported [37]. The less readily reduced
halides examined here (1d,e, and 2) are only sluggishly con-
verted, even when using both (N-DMBI), (or (Cyc-DMBI);)
and light. Moreover, in the cases of 1d and 1e there are signifi-
cant mismatches between conversion and the yields of the cor-
responding RH and R species, indicating that additional prod-
ucts must be formed. Indeed, in the case of 4-methylbenzyl
chloride GC-MS shows a product with a mass consistent with
the formation of 4-methylbenzyl-substituted THF (see Support-
ing Information File 1, Figure S2) and a somewhat better R,
yield is obtained in toluene (see Table S2). For 1-bromooctade-
cane (2), around half the product obtained using (N-DMBI),
and UV is RH, i.e., octadecane. The remaining unidentified
product may be R, (C36H74), but this product is not easily
detected by GC-MS.

In sharp contrast to the case of benzyl derivatives, where the use
of dimer reductants primarily affords R, products, biaryls are
not observed as dehalogenation products of aryl halides by
dimeric reductants and/or light. This may be attributable to the
lower stability and greater reactivity of aryl radicals relative to
that of their benzyl counterparts. Indeed, aryl radicals are
known to abstract H* from THF [30,31] and presumably do so
in the present reactions before any further reactions can occur.
Resonance-stabilized benzyl radicals, on the other hand, are
sufficiently long-lived to react further to afford dimeric
bibenzyl derivatives (especially at higher concentrations or
when photoirradiation is used, presumably affording higher
steady-state [R"] concentrations). In principle, this is possible by
either dimerization of 2R" or by a second reduction of R® to R~
(as invoked in the reductive cyclization of (2-halophenyl)pro-
panoic esters [2]) which then acts as a nucleophile towards a
second molecule of RX. However, addition of Me3SiCl to a
photoirradiated BnBr/(N-DMBI), reaction mixture did not lead
to any detectable BnSiMes, thus supporting a radical dimeriza-

tion pathway (see Supporting Information File 1, Table S3).
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Table 2: Dehalogenation of various benzyl, alkyl, and aryl halides using (N-DMBI); (or, in parentheses Cyc-DMBI)».2

(Y-DMBI), (9.4 mM)

RX (18.7 mM)

UV (365 nm LED)

> RH + Ry

THF
4 h (unless
otherwise noted)

| |

! |

| RX= n-CqgH37Br !

i 1b: Z = CF3 X =Br 2 3a:Z=Me, X =1 |

| 1¢:Z=CN, X =Cl 3b:Z=0OMe, X=1 |

| 1d:Z=H, X =Cl 3c:Z=CN,X=0Cl '

: Te:2=Me, X =Cl 3d: Z= NMep, X = Br !

! 3e:Z=NMe;, X=Cl 1

! 3f: Z=Et, X=Cl :
RX Epc [VIP Conversion [%]° RH yield [%]° Ry yield [%]°
1a -1.6 92 6 86
1b -15 80 2 75
1c -1.6 100 14 86
1d -2.3 39 7 5
1e -2.4 73 (60) 3(3) 3(32)
2 -2.1 39 19 —d
3a°® -1.8 98 98 f
3be -1.6 99 99 f
3c -1.6 55 (99) 41 (60) -f-h
3d 2.4 5 (5) 5 (5) f
3e -25 4(2) 0(2) f
3f 2.4 1 (<1) 1 (<1) A

aThe reaction scale in each case was 75 pmol (9.5-25 mg) RX and 37.5 pmol dimer (20 and 17 mg for (N-DMBI), and (Cyc-DMBI),, respectively).
PPeak reduction potential vs FeCp,*0 in THF/0.1 M BusNPFg (see Supporting Information File 1, Figures S7 and S8). cConversions and yields were
determined by GC-MS as described in Supporting Information File 1. Likely not detectable by GC-MS. €2 h reaction time. None detected.

As in the case of sp> R—X systems, only small extents of
dehalogenation for R = aryl are observed in the absence of
reductants. For the more easily reduced aryl halides (3a—c),
moderate to high extents of conversion are obtained in the dark
using dimeric reductants, while higher extents, in some cases
near-quantitative in 2 h, are obtained using UV and reductants.
In the case of 3a and 3b the conversion and yields of the RH
compounds are in good agreement, while discrepancies in the
case of 3c indicate additional side reactions.

The observation that some of the organic halides tested in
Table 2 are cleanly dehalogenated and others essentially unreac-
tive suggested the possibility of selective dehalogenation of
compounds containing different halogenated functionalities.
Specifically, we examined 2-iodobenzyl chloride, in which
the C-I and C-ClI bond strengths are expected to be fairly
similar (C-X bond dissociation enthalpies of 280 and

310 kJ mol~! have been reported for BnCl and PhI, respective-
ly [38]), but the aryl-I bond is likely to be better coupled to the
reduction process (given the reduction potentials in Table 2). As
shown in Scheme 1, we found 2-iodobenzyl chloride is cleanly
converted to benzyl chloride under the standard conditions used
in Table 2 (see Supporting Information File 1, Table S4 for
more details). This selectivity is not typically achievable using
electropositive metals and may be of use in more elaborate
chemical transformations.

(N-DMBI), (9.4 mM)
C}_\ UV (365 nm LED)
cl B

THF
4h

Wt

(18.7 mM) 98%

Scheme 1: Selective deiodination of 2-iodobenzyl chloride.
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Mechanism of dark reactions

Doping of organic semiconductors by (Y-DMBI), dimers
[18,39] or by various dimers formed by 18-electron sandwich
compounds [18,40,41], as well as redox reactions of other
dimers formed by organic radicals [42,43], are known to
proceed by two distinct pathways. When the dimer (D5) is rela-
tively weakly bound, its dissociation to D* can be the initial step
(“cleavage-first”), which is then followed by fast electron-
transfer (ET) reactions (Scheme 2). On the other hand, in the
“electron-transfer first” mechanism, the first step is an ET reac-
tion, resulting in the formation of D,**, which subsequently
cleaves to form D* and D°, which is much more readily
oxidized than the dimer itself and thus participates in a second
fast ET (Scheme 2). In the present case, knowledge of the oper-
ative mechanism(s) is important to understand what substrates
might be cleavable on what timescales in the dark; in particular,
if the cleavage-first mechanism is viable, substrates with E g as
cathodic as, roughly, E(D*/D"), should react, whereas more
strongly bonded dimers might not react with the most chal-
lenging of these substrates due to the non-viability of the
cleavage-first mechanism and prohibitively endergonic initial

steps for the ET-first mechanism.

We investigated the dark reactions of the two dimers with BnBr
in THF, using GC-MS to determine RX conversion and R, and
RH yields at various time intervals, as shown in the example of
Figure 2a. We repeated these experiments for a variety of dif-

ferent initial reductant and RX concentrations, [D,]y and [RX]

T
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cleavage first ET first
slow Dy +A Dyt + A
D2 — 2D
fast

Dt — D' +D*

fast
D'+A—> D*+A"

fast
D+A—> D*+A"

Scheme 2: Reaction mechanisms for the reactions of dimeric reduc-
tants (D2) such as (Y-DMBI), derivatives with acceptors (A) such as
organic semiconductors or, in this work, organic halides that react
further (the relative rates of steps are indicated for cases where the A
reduction potential falls between D and D® oxidation potentials).

(see Supporting Information File 1, Figure S3), and plotted the
initial rate normalized for dimer concentrations, (d[RX]/
d)o/[D2]g, vs [RX]g (Figure 2b). In the case of D, = (Cyc-
DMBI),, a linear plot with approximately zero intercept is ob-
tained, consistent with a reaction first order in [RX] and [D5], as
expected if the reaction proceeds via an initial rate-determining
ET. On the other hand, in the case of D, = (N-DMBI),, the
linear plot has a distinctly non-zero intercept, a behavior which
conforms with a rate law consisting of the sum of two terms,
one first order in [D,] and one first order in both [D;] and [RX]

—(1/2)d[RX}/dt = k[D;] + kgr[D2][RX] )

and is similar to doping behavior we have recently seen for

some weakly bonded dimers where both “cleavage-first” and

—
=
~—

1.6
1004 [BnBr] =3 mM . L 100 14] o (2-Cyc-DMBI), 4
[(N-DMBI),] = 1.5 mM =~ 1o (NDMBI), ,
—~ 801 o .F80 = 12
S —~ =2
c 60f « 60X & 101
B S T 20.8-
s 40 » ° 408 T .
= F A > <06 & 5
Q e X e
© 20- o120 X 04 -
o =1 o
0ds L0 021 &~
———————————r 0.0 +——————— —
0 20 40 60 80 10 0 2 3 4 6 7 8

Time (h)

5
[RX]o (mM)

Figure 2: (a) A representative temporal evolution of % conversion (blue squares), % toluene yield (red diamonds), and % bibenzyl yield (black circles)
during the dark dehalogenation reaction of benzyl bromide (BnBr) using (N-DMBI); in THF (these data were acquired using 3 mM BnBr and 1.5 mM of
(N-DMBI),. (b) Plot of [D2]p-normalized initial reaction rate (d([RX]/dt)o/[D2]o) as a function of the initial benzyl bromide concentration ([RX]o) obtained
from several experiments of the type shown in part (a) for different [D,] and [RX] for both Do = (Cyc-DMBI)» and (N-DMBI)». For these slow reactions,
the “initial” rates were estimated from the change of substrate concentration over the first 30 min reaction time.
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“ET-first” mechanisms are competitive. In the case of (Cyc-
DMBI),, the second-order rate constant, kg, is estimated
as 6.0 x 1073 M~! 57! whereas for (N-DMBI),,
kg =4.7x 107 s7Land kgp = 1.0 x 1072 M~Is7L. The differ-
ence in kgt values is qualitatively consistent with the peak oxi-
dation potentials, Epa(D2'+/D2), of the two dimers; values of
-0.06 and —0.13 V vs FeCp,*"0 are found for (Cyc-DMBI), and
(N-DMBI),, respectively [18,44], indicating that ET from the
former to benzyl bromide is more endergonic than from the
latter. The rate constant for (Cyc-DMBI),-to-BnBr ET is also
much smaller than that previously determined for the doping of
6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene,
E1p% =-1.45V, kgt =~ 0.15 M~1s71) by (Cyc-DMBI), [18],

(a)

307
—— (N-DMBI),, 19 uM
6 —— (2-Cyc-DMBI),, 22 uM
e 2.0-
O
5 1.5
)
< 1.0
W
0.51
0.0 T ' .
300 400 500 600
Wavelength (nm)
(c)
So—Se
=2 electron
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consistent with the differences in the reduction potentials be-
tween BnBr and TIPS-pentacene. The observation of the
“cleavage-first” mechanism for (N-DMBI), and not for (Cyc-
DMBI), is consistent with DFT estimates of bond dissociation
energies for these two dimers (AUgjss = 163 and 210 kJ mol~!,
respectively [18,44]) and with their reactivity towards TIPS-
pentacene [18,39].

Impact of photoexcitation

The absorptivities, €, of (N-DMBI), and (Cyc-DMBI), at
365 nm in THF are ca. 420 and 43 M~! cm™!, respectively.
Figure 3a and b show the absorption spectra of the two dimeric
reductants in THF (see Supporting Information File 1, Figure

(b)

8.0
—— (N-DMBI),, 1.9 mM
7.0 —— (2-Cyc-DMBI),, 2.2 mM
__6.0-
5 5.0-
S 4.0
S 30.
® 2.0+
1.0+
0.0 r - ;
300 400 500 600
Wavelength (nm)
(d)
So—S,
hole f=0.018  glectron

Figure 3: Top: UV-vis absorption spectra for the two dimeric reductants in THF emphasizing (a) the different positions of the relatively strong absorp-
tion peaks and (b) the presence of a low-energy shoulder in the spectrum of (N-DMBI),. Bottom: TD-DFT (M06/6-31G(d, p)) natural transition orbitals
for selected (N-DMBI) transitions that are thought to be primarily responsible for (c) the main absorption peak and (d) the weak shoulder seen experi-

mentally.

1918



S6 for data in toluene). (N-DMBI), shows a strong absorption
feature with a maximum at 304 nm (g, = 28000 M~! cm™1)
and a weak shoulder at ca. 400 nm (e409 ~ 150 M~} cm™1),
whereas (Cyc-DMBI), exhibits only a strong feature with a
maximum at 327 nm (gmax = 13000 M~! cm™!). TD-DFT calcu-
lations (M06/6-31G(d,p), isolated molecules) qualitatively
reproduce the different behavior of the two dimers: for (Cyc-
DMBI), the S¢p—S; transition is calculated to be strong (oscil-
lator strength, f = 0.27). The natural transition orbitals (NTOs,
see Supporting Information File 1, including Figure S10, for
more information) indicate that this excitation is largely
confined to the bibenzoimidazole portion of the molecule. In the
case of (N-DMBI); the lowest reasonably strong (f = 0.21) tran-
sition is Sg— S¢ and has bibenzoimidazole-dominated NTOs
(Figure 3c) similar to those for the Sy—S; transition of (Cyc-
DMBI),, but is seen at higher energy. The strongest of the
weaker lower energy transitions are Sy—S4 (f = 0.018), which
is calculated to lie lower in energy than the Sy—S; transition of
(Cyc-DMBI); and presumably corresponds to the shoulder ob-
served in the experimental spectrum of (N-DMBI),, and
So— S5, which lies very close to Sy— Sg. For both of these tran-
sitions, the NTOs indicate considerable charge transfer from the
bibenzo-imidazole portion of the molecules to the C¢H4NMe,
Y substituents (see Figure 3d and Supporting Information
File 1, Figure S11).

Most of the above-mentioned substrates exhibit little or no
absorption at 365 nm (see Supporting Information File 1, Figure
S4 for comparison of spectra of the reductants and BnBr); thus,
although slight overlap between the tail of substrate absorption
and the tail of the output of the nominally 365 nm LED may be
responsible for the reactivity seen in the absence of dimeric
reductants, the stronger absorption of the two dimeric reduc-
tants examined suggests photo-acceleration of the reactions
involves the excited states of the dimers. In principle excitation
of the dimers might result in cleavage of the dimers to the corre-
sponding radical monomers, D°, which can then reduce RX, or
to ET from dimer excited states, D,*, to RX. The results in
Table 2 support the former effect: if photoinduced cleavage
occurs we would expect the scope of RX cleavage to be more-
or-less limited by the reducing strength of D* (E(D*/D®) =
ca. —2.4 V for both species used here), whereas the singlet
excited state of the dimer, D,*, should be more reducing,
allowing more challenging substrates to be reduced (E(D;"*/
D,*) can be estimated as ca. —3.4 and —2.8 V for (Cyc-DMBI),
and (Cyc-DMBI),, respectively, using values of E(D,"*/D5) and
estimated absorption onsets). Furthermore, the NTOs for the
strong absorptions of both dimers and the weak low-energy
absorption of (N-DMBI); both involve some depopulations of
the bibenzoimidazole-based HOMO, which, as well as mr-char-

acter also has significant C—o-bonding character associated with
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the inter-monomer bond, suggesting that excitation should
weaken the bond (in a similar way to oxidation associated with
removal of an electron from the same orbital). To investigate
this possibility in more detail we recorded transient absorption
spectra of the dimers following excitation at 350 nm. Important-
ly, the samples did not degrade during the experiment, indicat-
ing that the species observed eventually reform the dimers. The
transient absorption spectra of (N-DMBI), (Figure 4a) show
significant spectral evolution within the first 1 ps following
photoexcitation at 350 nm in MeCN. The (negative) bleach fea-
ture at 450 nm and photoinduced absorption (PIA) peaking at
775 nm transform into a broad PIA spanning the visible wave-
lengths with a notable isosbestic point at 600 nm. There is a
secondary evolution occurring with a time constant of approxi-
mately 60 ps resulting in a long-lived feature existing beyond
the 5 ns window of the ultrafast experiment. In toluene
(Figure 4b), the spectral features at early times are different;
however, the kinetics at 654 nm are the same between solvents
suggesting that the initial features dominating the spectra at
250 fs in MeCN are present in toluene.

The (Cyc-DMBI), exhibits faster decay kinetics (Figure 4c)
than (N-DMBI); under the same experimental conditions. The
spectral shape is similar to the late time spectra of the
(N-DMBI), with a broad PIA spanning the visible wavelengths,
which may suggest that the initial evolution observed in the
(N-DMBI), occurs within our instrument response. In toluene,
the signal amplitude at 5 ns for (Cyc-DMBI); is significantly
smaller than that of the (N-DMBI); and 96% of the signal
amplitude at 654 nm decays with a 1 ps lifetime. The isosbestic
point in Figure 4a is consistent with a clean transformation such
as monomer formation. The corresponding monomeric radicals
are calculated using TD-DFT (M06/6-31G(d,p)) (Figure 4e) to
have absorptions at similar energies to those seen in the longer-
time spectra with Cyc-DMBI" having a blue-shifted absorption
relative to N-DMBI’, consistent with the observed features
arising from the monomeric radicals. Intersystem crossing (ISC)
from the singlet to triplet excited state is also a possibility and
TD-DFT calculations suggest that the dimer T states absorb at
similar wavelengths to the monomer radicals (see Supporting
Information File 1, Figure S12). However, ISC is typically
much slower than 1 ps in organic molecules, especially so for
those lacking heavy atoms [45].

Conclusion

Dimeric reductants of the (Y-DMBI); type can accomplish the
dehalogenation of a variety of organic halides with peak reduc-
tion potentials less cathodic than ca. —=2.0 V vs FeCp,™0,
affording essentially quantitative conversions in a few hours
under 365 nm illumination. In the case of benzyl halides the

primary products are bibenzyls, some of which may be
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Figure 4: Transient absorption spectra of (a) (N-DMBI), in MeCN, (b) (N-DMBI) in toluene, and (c) (Cyc-DMBI) in toluene with excitation at 350 nm
in the absence of oxygen. (d) Comparison of temporal evolution of the absorption at 654 nm for both dimers in toluene. (e) Spectra for the two
monomeric radicals obtained from M06/6-31G(d,p) TD-DFT calculations.

challenging to synthesize by other methods, whereas aryl photoacceleration of these reactions appears to occur through
halides afford dehalogenated arenes. One example also demon-  photocleavage of the dimers to the more strongly reducing
strates that the approach may have utility for selectively dehalo- monomers, which may help inform the use of these and related

genating compounds containing different halogens. The reductants in achieving other chemical transformations.
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Supporting Information

Supporting Information File 1

Synthetic and other experimental procedures, additional
data, additional TD-DFT results, and NMR spectra of
compounds.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-142-S1.pdf]
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