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A B S T R A C T

Towards highly efficient doping-free organic light-emitting diodes, five benzonitrile-based emitters with dif-
ferent substitution pattern were designed exploiting symmetrical donor-acceptor-donor and asymmetrical donor-
acceptor-donor* structures. As it was predicted by theoretical calculations, different thermally activated delayed
fluorescence of different energy with relatively high absolute quantum yields (11–42%) was detected for non-
doped films of the studied compounds. The smallest singlet-triplet energy splitting of 0.05 eV thus the most
efficient TADF was estimated for the film of compound with the asymmetrical donor-acceptor-donor* structure
containing carbazole and acridan donor moieties. Thermogravimetry revealed sublimation of the materials with
the onset temperatures in the range of 350–383 °C. Glass transition temperatures of the molecular materials were
in the range of 82–94 °C. Tuning of hole injection properties of these compounds in solid-state was demon-
strated. Their ionization potential was in range from 5.8 to 6.0 eV. Strong effect of different substitutions was
observed on hole mobilities of the layers of compounds. They were found to be in the wide range from 3 × 10−7

cm2V−1s−1 to 1 × 10−4 cm2V−1s−1. Electron mobility values of the compounds were found to be comparable
and ranged from 1.5 × 10−4 cm2V−1s−1 to 3 × 10−4 cm2V−1s−1 at electric field of 6.9 × 105 Vcm−1.
Reflecting effect of substitution pattern of benzonitrile on electroluminescent properties of OLEDs, maximum
external quantum efficiencies in the range from 1.6 to 5% as well as maximum brightness in the wide range from
1200 to 22600 cd/m2 were observed for the devices based on the doping-free light-emitting layer.

1. Introduction

From the point of view of fabrication technology, doping-free organic
light-emitting diodes (OLEDs) are more attractive than the doped ones To
develop doping-free OLEDs with competitive parameters, the most im-
portant issue is the discovery of electroluminescent materials matching a
set of requirements including high photoluminescence quantum yield
(PLQY), ability to convert all excitons formed under electrical excitation
into light, good charge-injecting and charge-transporting properties, sa-
tisfactory thermal and electrochemical stability etc. Therefore, many ex-
cellent emitters are not applicable in non-doped OLEDs. For example,
simple fluorescent materials are not appropriate since they have an upper
limit of external quantum efficiency (EQE) of 5–7.5% since only one-
quarter of excitons are singlets and the outcoupling efficiency is of ca.
20–30% [1]. In contrast to OLEDs exploiting the simple fluorescent ma-
terials, OLEDs based on phosphorescent heavy metal complexes can har-
vest both singlet (S1) and triplet (T1) excitons for light emission, providing
the opportunity to realize internal electroluminescence (EL) quantum ef-
ficiencies of close to 100% with an EQE of 20–30% [2]. Although phos-
phorescent OLEDs currently have large superiority in quantum efficiencies,

rarity of phosphorescent metal complexes such as those of iridium and
platinum limit their low-cost and long-term mass production. Most of
phosphorescent emitters are non-emissive in doping-free layers since tri-
plet-triplet annihilation is not appropriate for non-doped OLEDs [3].

One of the alternatives to phosphorescent emitters is thermally ac-
tivated delayed fluorescence (TADF) materials that can convert triplets
to singlets via reversed intersystem crossing (rISC), which can lead to
the exciton utilization efficiency as high as 100% [4]. The process re-
quires a small triplet-to-singlet energy gap (ΔEST) for a fast rISC which
is mainly related to the special molecular design. TADF OLEDs have
emerged as the third generation organic electroluminescent devices [5].
The design and application of TADF materials for OLEDs have been an
active research area in recent years [6]. It is also discovered that some
TADF luminophores are characterized additionally by aggregation-in-
duced emission (AIE) effect being highly emissive in solid-state [7,8].
Novel electroluminescent materials exhibiting aggregation-induced
delayed fluorescence are the best candidates for doping-free electro-
luminescent devices up to now [9,10]. The further development of
TADF/AIE electroluminescent materials may result in fabrication of
non-doped OLEDs with better performance than that of the doped ones.
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Molecular design of a TADF emitters requires both donor (D) and
acceptor (A) functional groups that can create a small spatial overlap
between the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO), which results in small ΔEST

[11]. Molecular design of a AIE emitters requires some freedom in ro-
tations/vibrations of the chromophores [12,13], while, restriction of
the rotations/vibrations in solid-state dramatically increases emission
intensity [14].

Various heterocycles, such as phenoxazine, phenothiazine, di-
methylacridine and carbazole were used as donor moieties and cyano,
sulfone, triazine, xanthone, benzophenone, carbonyl moieties were
employed as acceptor units to develop TADF emitters with different
emission profiles [6,15–23]. Rational molecular design of derivatives
containing electron-accepting cyano-substituted moieties and electron-
donating fragments results in TADF emitters [24]. Cyanobenzene
moiety containing single cyano group in the conjugated phenyl ring
show reduced electron withdrawing strength and weaker inter-
molecular charge transfer interaction in donor-acceptor (D-A) type
derivatives [24]. Compared to dicyano-substituted moieties, mono-
cyano-substituted moieties were less employed for the design of TADF
emitters. TADF materials with electron accepting cyanobenzene and
electron donating phenoxazine moieties were recently reported [25].
OLEDs containing the layers of these emitters showed EQE up to 19.9%.
Emission tuning of TADF emitters based on phenoxazine and triphe-
nyltriazine was realized by changing the number of donor substituents
[26]. Study of derivatives of acridan and different CN-containing do-
nors including benzonitrile revealed that TADF emission wavelengths
were tunable from deep blue to yellow not only by acceptor strength
but also by the control of acceptor conformation (twist angles) [27].
There is still a challenge to develop methods for fine regulation on the
emission of the TADF/AIE emitters.

To further develop methods for TADF and AIE emission tuning, in
this work, we designed and synthesized five emitters using cyano sub-
stituted phenyl moiety as acceptor and carbazole, phenothiazine, phe-
noxazine, 9,9-dimethyl-9,10-dihydroacridine moieties as donors. It
should be noted that many TADF materials with symmetrical D-A-D
structures were previously reported [28,29]. Some of such materials have
donor units used this work [30,31]. However, asymmetrical benzonitrile
derivatives of D-A-D* (D1-A-D2) type were rarely investigated despite
the expected positive impact of such material design strategy not only on
TADF properties but also on their energy levels, charge drift mobility,
thermal and chemical stability etc. For instance, it may be predicted that

intramolecular charge transfer between perpendicularly twisted D1 and
A units may result in efficient TADF; while, efficient hopping of holes
between HOMO-HOMO energy levels of D2 units of neighboring mole-
cules may result in high hole mobility of TADF materials. In this work,
the design strategy of TADF materials is mainly related to the develop-
ment of asymmetrical D-A-D* type cyanobenze derivatives. Availability
of efficient asymmetrical TADF emitters can stimulate the further pro-
gress in development of non-doped single-layer OLEDs. To initially es-
timate efficiency of the material design strategy of asymmetrical TADF
emitters, detailed evaluation of photophysical, thermal, electrochemical
properties and of performance in non-doped OLEDs of the synthesized
materials was carried out.work will initiate developing of asymmetrical
TADF emitters the best of which will be appropriate for non-doped one-
layered OLEDs. To initially express efficiency of the material design
strategy of asymmetrical TADF emitters, detailed evaluation of photo-
physical, thermal, electrochemical properties and of performance in non-
doped OLEDs of the synthesized materials was carried out.

2. Results and discussion

2.1. Synthesis and characterization

The synthetic route for compounds 1–5 is depicted in Scheme 1.
First, the intermediate compound I was synthesized by the palladium-
catalyzed Buchwald-Hartwig coupling reaction between 2,5-di-
chlorobenzonitrile and 9,9-dimethyl-9,10-dihydroacridine. Another in-
termediate compound II was prepared via nucleophilic cross-coupling
reaction between 9H-carbazole and 2-bromo-5-fluorobenzonitrile.
Target compounds 1–5 were prepared under the similar reaction con-
ditions as I, using compounds I, II and commercially available 2,5-di-
chlorobenzonitrile, 10H-phenothiazine, 10H-phenoxazine, 9,9-di-
methyl-9,10-dihydroacridine. All the compounds were purified by
adsorption chromatography and fully characterized using 1H NMR and
13C NMR spectroscopy, mass spectrometry and elemental analysis.

2.2. Theoretical calculations

To understand the structure-property relationship of compounds
1–5 at the molecular level, the geometrical and electronic properties of
the compounds were studied using density functional theory (DFT) and
time-dependent DFT (TDDFT) calculations with the B3LYP hybrid
functional.

Scheme 1. Synthetic routes to 1–5.
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Fig. 1 shows optimized molecular structures of the compounds
having highly twisted structures with dihedral angles between the elec-
tron-donating and electron-accepting moieties ranging from 51 to 90°.
The twisted structures of compounds 1–5 lead to spatially separated
frontier orbital distributions with the highest occupied molecular orbitals
(HOMOs) being mainly localized on the donor (carbazolyl, acridanyl,
phenoxazinyl and phenothiazinyl) moieties and the lowest unoccupied
molecular orbitals (LUMOs) centered on the acceptor (cyanobenzene)
moieties. The HOMO energy levels of the compounds 1–5 were calcu-
lated to be −5.21, −4.92, −5.12, −5.16 and −4.96 eV while the
LUMO were −1.83, −1.92, −1.82, −1.84 and −1.99 eV, respectively.

To evaluate the values of singlet-triplet gap (ΔEST), the triplet and
the singlet energies were theoretically calculated based on the molecule
ground state geometry with triplet energies of 2.68, 2.27, 2.62, 2.54
and 2.24 eV, and singlet energies of 2.72, 2.29, 2.63, 2.56 and 2.26 eV
for 1, 2, 3, 4 and 5, respectively. Apparently, the twisted structures of
1–5 are responsible for small singlet-triplet energy splittings ranging
from 0.01 to 0.04 eV.

2.3. Thermal properties

The behavior under heating of compounds 1–5 was studied by DSC
and TGA under a nitrogen atmosphere. The data are collected in
Table 1. It was found that all of the derivatives demonstrated relatively
high thermal stability. The temperatures of decomposition onsets (Td)
were in the range of 350–383 °C (Fig. S2).

All the compounds 1–5 were obtained as crystalline materials after
the synthesis as confirmed by DSC. However they could be converted
into amorphous materials by cooling the melted samples. DSC ther-
mograms of 4 are shown in Fig. 2. When the crystalline sample was
heated during the DSC experiment, an endothermic peak due to melting
(Tm) was observed at 218 °C. When the melt sample was cooled down,

its glass transition temperature (Tg) was observed at 88 °C. Compounds
1–3 and 5 demonstrated the analogous behaviour during the DSC tests
(Table 1). The temperatures of thermal transitions of the derivatives
(1–5) were found similar and did not depend considerably on their
chemical structures.

2.4. Photophysical properties

To understand impact of substitution pattern of benzonitrile-based
emitters on their photophysical properties, the electronic absorption
and photoluminescence (PL) spectra of the solid films and dilute solu-
tions were recorded (Fig. 3). Major photophysical data are collected in
Table 2. The solutions of compounds 1–5 in toluene displayed quite
different absorption profiles because of the different donor substituents.
The similarity was observed between the vibronic-structured low-en-
ergy bands in the range of 290–355 nm of absorption spectra of the
solutions of compounds 3 and 4 containing carbazole moieties. The
effect of other donor moieties, i.e., phenothiazine or 9,9-dimethyl-9,10-
dihydroacridine was practically not detectable in the low-energy bands
of absorption spectra of the solutions of asymmetric compounds 3 and
4. The similar absorption spectra were also observed for the solutions in
THF and for the films of compounds 3 and 4 (Fig. 3a). For toluene
solutions of compounds 1 and 2, only absorption tails of the compounds
were observed because of absorption of the solvent (up to 300 nm).

Fig. 1. Optimized geometries and molecular orbital plots (B3LYP/6-31G (d,p)) of compounds 1–5 in gas phase.

Table 1
Thermal characteristics of compounds 1–5.

Compound Tm, [oC]a Tg, [°C]b (2nd heating scan) Td, [°C]c

1 284 94 371
2 255 83 370
3 232 86 383
4 218 88 367
5 226 82 350

a Tm is melting temperature at the scan rate of 10 °C/min, N2 atmosphere.
b Tg is glass-transition temperature.
c Td is the temperature of the onset of thermal degradation recorded at the

scan rate of 20 °C/min, N2 atmosphere.

Fig. 2. DSC thermograms of compound 4.
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Absorption spectra of the solutions in THF of compounds 1 and 2
showed well-observed band peaking at 281 nm. This band is mainly
related to 9,9-dimethyl-9,10-dihydroacridine moiety. The shoulder at
316 nm related to absorption of phenoxazine moiety can be recognized
in absorption spectrum of the solution of compound 2. Absorption
spectra of the solution of compound 5 were characterized by well-ob-
served band peaking at 316 nm which is apparently also related to the
phenoxazine moiety. In UV spectra of toluene solutions and of the films
of all the synthesized compounds, weak absorption tails extending to
near 430–460 nm can be recognized. These tails are apparently related
to the charge transfer (CT) between the donors and accepting benzo-
nitrile unit. Solvatochromic effect for absorption spectra of the solu-
tions of compounds 1–5 was not detected. Practically no differences in
UV spectra of toluene solutions, THF solutions and solid films of the
same compound were detected. Theoretical and experimental absorp-
tion spectra of the compounds are in good agreement (Fig. S1). The
theoretical results indicate the presence of the several excited sates of
charge transfer (CT) nature exhibiting practically zero oscillator
strength with negligible conjugation as it was observed for compounds
exhibiting TADF [32].

Displaying effect of substitution pattern of benzonitrile-based emit-
ters on their emission properties, the single emission peaks in the rela-
tively wide range of ca. 470–560 nm were observed in PL spectra of the
toluene solutions of compounds 1–5 at room temperature. Different do-
nating abilities of the attached donors resulted in the different in-
tramolecular interactions between donating and accepting units, thus

determining the fluorescent characteristics (Fig. 3b, Table 2). PL spectra
in blue/sky-blue region were observed for the solutions of compounds 1
and 4. These derivatives have similar structures except the replacement
of one acridan moiety by carbazole unit in compound 4. It can be con-
cluded that spectral characteristics of these compounds and their PLQY
values are completely determined by dimethylacridine moiety and the
weaker carbazole donor unit does not have any substantial impact on
emissive properties of compound 4. Similarly, the photophysical prop-
erties of phenoxazine-containing compounds 2 and 5 are almost identical
regardless of the presence of 9,9-dimethyl-9,10-dihydroacridine unit in
the structure of 2. However, dimethylacridine moiety is, apparently,
responsible for slightly higher PLQY of the films of 2 in comparison to
that of the film of 5 (cf. 26 and 18%, respectively). Comparison of the
photophysical properties of 1 and 2 revealed that the presence of phe-
noxazine moiety in compound 2, which stronger donor than 9,9-di-
methyl-9,10-dihydroacridine revealed the shift of PL peak of compound
2 into green spectral range and decrease of PLQY of the compound dis-
persed in non-polar medium. Yellow emission of 3 is the least efficient
and the most spectrally red-shifted among emissions of the series which
is obviously not because of the presence of carbazole moiety in the
structure of 3. Phenoxazine moiety, which is the strongest donor used in
the investigation, has the major effect on emissive properties of 3.
Consequently, the stronger donor predetermines photophysical proper-
ties of the studied assymetrical D-A-D* type compounds. PL spectra in
blue/sky-blue region were observed for the solutions of compounds 1
and 4 containing either 9,9-dimethyl-9,10-dihydroacridine or carbazole

Fig. 3. UV–vis (a) and PL (b) spectra of neat films, dilute toluene and THF solutions of compounds 1–5.

Table 2
Photophysical parameters derived from steady state and time resolved spectroscopic measurements of dilute THF, toluene solutions and thin films of compounds
performed at 77 K and at room temperature.

Compound λ, nma ФPL THFb ФPL Tolb ФPL filmc ES1
d, eV ET1

d, eV ΔEST
d, eV Ratio dg/airf Ratio, DF/PFg slopeh

1 482 0.11 0.13 0.42 2.91 (2.72) 2.80 (2.68) 0.11 (0.04) 1.6 0.65 1.0
2 529 0.03 0.13 0.26 2.74 (2.29) 2.62 (2.27) 0.12 (0.02) 3.5 0.96 1.0
3 543 0.01 0.04 0.11 2.71 (2.63) 2.52 (2.62) 0.19 (0.01) 2.4 0.88 0.92
4 483 0.12 0.14 0.39 2.89 (2.56) 2.84 (2.54) 0.05 (0.02) 3.0 3.80 0.92
5 530 0.03 0.12 0.18 3.21e (2.26) 3.10e (2.24) 0.11e (0.02) 2.8 – –

a Wavelength of the PL peak of the neat films of compounds.
b PLQY of deoxygenated THF solutions. PLQY of deoxygenated toluene solutions.
c PLQY of the neat films.
d Estimated from the emission spectra of the neat films at 77 K.
e Estimated from the emission spectra of dilute THF solutions recorded at 77 K (Fig. S3).
f The ratio of PL intensities of degassed and air equilibrated toluene solutions recorded at 293 K.
g The ratio of DF and PF yields of the neat films estimated from the time resolved spectroscopic measurements at 293 K.
h The slopes of linear fit of the log-log DF integral intensity dependence on the excitation power at all range of applied power at 293 K. The theoretical values of

ES1, ET1 and ΔEST are presented in parentheses.
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moieties. PL spectra of the solutions of compounds 2, 3 and 5 in toluene
were red-shifted to green/yellow regions because of the presence of
phenothiazine and/or phenoxazine substituents. Different donating
abilities of the attached donors resulted in different intramolecular in-
teractions between donor and accepting units, thus determining the color
of emission. PL spectra of corresponding THF solutions were red-shifted
with respect of the spectra of the solutions of the corresponding donors
and acceptor. This observation indicates intramolecular CT which was
widely observed for emitters containing donor and acceptor moieties
[6,33]. PL intensities of THF solutions of the compounds were found to
be very sensitive to oxygen (Fig. 4a). This observation can be related to
the triplet harvesting and converting into light via TADF. The nature of
triplet harvesting will be discussed below. The deoxygenated toluene
solutions were characterized by relatively weak emission Their absolute
PLQYs did not exceed 14%. Measured in air, PLQYs of the films of the
studied compounds were found to be much higher than those of the di-
lute solutions and reached 42%. The comparison of PLQY values of the
solid films and of dilute solutions allows to conclude that aggregation
induced emission enhancement (AIEE) is characteristic of compounds
1–5 (Table 2) [34]. Interestingly, PL spectra of the films of the studied
compounds were found in the similar range or even were blue-shifted in
comparison to PL spectra of the corresponding toluene solutions
(Fig. 3b). On the one hand, it may be assumed that dielectric constants of
the compounds 1–5 are similar to the dielectric constant of toluene and,
therefore, emissions were observed in the same ranges. On the other
hand, aggregation can induce not only emission intensity enhancement
but also blue-shifts of PL spectra as it was reported elsewhere [35].

For neat films of the studied series of experiments was done to
confirm the existence of TADF. DF was detected for the solid films at
room temperature under inert atmosphere. The spectra of prompt and
delayed fluorescence are given in Figs. 4b and S5. DF quantum yields
were found to be relatively high in comparison with those of PF. The
ratios of intensities of PF and DF of the films correlate well with the
ratios emission intensities of air equilibrated and degassed THF solu-
tions (Table 2, Figs. 4 and S5). Both the ratios reflect the contribution of
triplet excitons in radiative process.

In donor-acceptor-donor molecules near-orthogonal geometry
minimizes singlet-triplet energy splitting between first singlet and tri-
plet excited state energy levels making TADF possible [36]. Energy
splitting lower than 0.2 eV enables to predict TADF as the probable
cause of DF. Energy levels of the singlet and triplet excited states were
estimated from onsets of the emission spectra of the neat films recorded
at 77 K under inert atmosphere. (Table 2, Figs. 5b and S6). The triplet
levels (ET1) of the studied compounds evaluated both theoretically and

experimentally were found to be dependent on the triplet levels of the
donors. The presence of phenoxazine donor significantly decreased the
triplet energy values of compounds 2 and 5 to ca. 2.6 eV. Correspond-
ingly, the values of ET1 of 1 and 4 containing dimethylacridine moiety
were found to be higher than 2.8 eV. The lowest ET1 of 2.52 eV was
observed for the film of 3, containing phenothiazine moiety, which is
the strongest donor used in the studied series. Thermal activation of the
DF, was detected after heating up the solid samples to the temperatures
higher than 180 K by analysis of PL decay curves (Figs. 5c and S7). This
observation confirms that the origin of DF is TADF. The slopes of 0.92–1
of linear fits of the log-log DF integral intensity dependences on the
excitation power at all the range of applied power measured at room
temperature is additional evidence of TADF nature of DF (Table 2,
Figs. 5d and S8). Spectral characteristics of the compounds are de-
scribed in more detail in Supporting Information.

2.5. Electrochemical and photoelectrical properties

Electrochemical properties of derivatives 1–5 were investigated by
cyclic voltammetry (CV). Compounds 1, 4 and 5 exhibited quasir-
eversible oxidation peaks at ∼0.6 V, while 2 and 3 showed quasir-
eversible oxidation peaks at ∼0.3 V (Figs. 6a and S10). These signals
can be attributed to the oxidation of appropriate donors. All the com-
pounds 1–5 showed similar irreversible reduction potentials of ca.
−2.40 – −2.50 V, which can be attributed to the reduction of cyano-
benzene moiety. Thus, it can be concluded, that compounds 2 and 3 are
oxidized easier than compounds 1, 4 and 5. Consequently, slightly
lower ionization potential (IPCV) values were observed for compounds 2
and 3 (5.10 and 5.11 eV, respectively) relative to those of compounds 1,
4 and 5 (5.39, 5.37 and 5.46 eV, respectively). The estimated electron
affinity (EACV) values for compounds 1–5 were found to be in the range
of 2.28–2.49 eV (see Table 3).

Additionally, the solid samples of compounds 1–5 were tested by
photoelectron emission spectroscopy in air. Ionization potential (IPEP)
values of the films were found to be in the range from 5.83 to 6.0 eV
(Fig. 6b).

2.6. Charge transporting properties

Owing donor-acceptor structure of the synthesized compounds, bi-
polar charge carrier transport was expected. To study the impact of
donor substituents on charge-transporting properties of vacuum-de-
posited films, TOF measurements we performed generating holes or
electrons on the ITO/film interface by optical excitation through the

Fig. 4. PL spectra of degassed and air equilibrated dilute toluene solutions of compounds recorded at room temperature (a). Time resolved PL spectra of the film of 4
recorded at room temperature (b).
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ITO electrode using a pulsed laser (λ = 355 nm) and different polarity
of applied voltages (positive on ITO for holes and negative for elec-
trons). Thus, the photogenerated either holes or electrons were trans-
ported through the layer from ITO electrode to the opposite Al elec-
trode under different external electric fields. Because of very dispersive

charge transport, the transit times (ttr) for holes and electrons at dif-
ferent applied electric fields were taken from the corresponding pho-
tocurrent transients in log-log scales (Fig. 7). Having ttr and thicknesses
of the tested films, hole (μh) and electron (μe) mobilities were calculated
using equation μh(μe) = d2/(U × ttr). As it is widely accepted, charge
drift mobility versus electric fields (E) is presented according to the
Poole–Frenkel relationship =µ e0

E1/2, where α is the field depen-
dence parameter [37] (Fig. 7c).

Hole mobilities of the layers of the studied compounds ranged from
3 × 10−7 cm2V−1s−1 to 1 × 10−4 cm2V−1s−1 displaying strong effect
of donor substituents on hole transporting properties of the studied
compounds. Hole mobilities increased in the order 4 > 5>
1 > 2> 3. The highest hole mobilities were observed for compounds
4 and 5 containing carbazole/acridan or phenoxazine units, respec-
tively. The lowest hole mobility was observed for compound 3 con-
taining carbazole and phenothiazine donor moieties. Since the same
accepting unit was used, comparable electron mobility values were
recorded for compounds 1–5. They ranged from ca. 1.5 × 10−4

cm2V−1s−1 to 3 × 10−4 cm2V−1s−1 at electric field of 6.9 × 105

Vcm−1. Slight differences were apparently determined by different
molecular packing of the molecules in solid-state.

Fig. 5. Photophysical characteristics of the film of 4: (a) PL spectra recorded at different temperatures; (b) time resolved PL spectra recorded at liquid nitrogen
temperature (0 and 0.1 ms delays); (c) PL decay curves recorded at different temperatures; and (d) correlation between DF integral and excitation dose recorded at
room temperature.

Table 3
Redox potentials, electron affinities, ionization potentials and HOMO/LUMO
energies of compounds 1–5.

Compound Eox
onset

a vs Fc,
[V]

Ered
onset

a vs Fc,
[V]

IPCV
b/HOMOc

[eV]
EACV

b/LUMOc

[eV]

1 0.59 −2.38 5.39/-5.21 2.39/-1.83
2 0.30 −2.40 5.10/-4.92 2.39/-1.92
3 0.31 −2.36 5.11/-5.12 2.44/-1.82
4 0.57 −2.47 5.37/-5.16 2.49/-1.84
5 0.66 −2.34 5.46/-4.96 2.28/-1.99

a Eonset
ox and Eonset

red were measured vs. ferrocene/ferrocenium.
b Calculated with reference to ferrocene (4.8 eV). Ionization potentials and

electron affinities estimated according to = +IP (E 4.8)onset
ox

CV [eV].
= +AE (E 4.8)CV onset

red [eV] (where, Eonset
red and Eonset

ox are the onset reduction and
oxidation potentials versus the Fc/Fc+).

c Estimated HOMO/LUMO levels.
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2.7. Device fabrication and characterization

Taking into account relatively high PLQY values reaching 42% of the
neat films, bipolar charge transport, and relatively good charge-trans-
porting properties of compounds 1–5, they can be regarded as promising
candidates for doping-free OLEDs. To gain insight into the electro-
luminescent characteristics of the studied compounds, they were used as
TADF emitters in non-doped OLEDs with structures ITO/MoO3/NPB/
non-doped light-emitting layer/TSPO1/TPBi/LiF/Al (Fig. 8). Non-doped
light-emitting layers of these devices (named as 1A-5A) were prepared
from compounds 1–5, respectively. MoO3 as the hole injection layer,
N,N′-di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB) as
the hole transport layer, diphenyl-4-triphenylsilylphenyl-phosphine
oxide (TSPO1) as the hole/exciton blocking layer, 2,2′,2"-(1,3,5-benzi-
netriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) as the electron trans-
porting layer, and LiF as the electron injection layer were employed.
Fig. 8 shows the structure and energy diagrams of devices 1A-5A.

Major electroluminescent parameters of the fabricated OLEDs are
listed in Table 4. Current density-voltage-luminance (J-V-L) character-
istics, current efficiency, power efficiency and EQE versus current den-
sity curves as well as the EL spectra are presented in Fig. 9. The similar
EL spectra of devices 1A-5A were obtained at different applied voltages
proving that the recombination of hole-electron pairs occurred within the
light-emitting layers. In addition, EL spectra of devices 1A-5A were in
good agreement with PL spectra of the films for the studied emitters. EL

spectra of devices 1A and 4A containing emitters with 9,9-dimethyl-
9,10-dihydroacridine or carbazole moieties were blue shifted in com-
parison to those of the devices based on emitters 2, 3 and 5 (Fig. 9c). CIE

Fig. 6. Cyclic voltammogram of dilute solution of compound 3 in dichloromethane at sweep rate of 100 mV/s (a) and photoelectron emission spectra of the solid
samples of compounds 1–5 (b).

Fig. 7. Electron (a) and hole (b) time-of-flight current transients for electrons (a) and holes; charge mobility electric field dependencies (c) of the layers of compounds 1–5.

Fig. 8. Energy diagram of the studied non-doped OLEDs with a light-emitting
layers of 1–5.
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1931 UCS coordinates represent color (blue-yellow range) of electro-
luminescence of the developed doping-free devices (Table 4). Blue
OLEDs were obtained using emitters 1 and 4 based on 9,9-dimethyl-9,10-
dihydroacridine or carbazole moieties.

Efficient injection of charge carriers from electrodes and following
transport to emitting layer is evidenced by the low turn-on voltages of all
fabricated OLEDs (3.3–4.5 V). The highest values of maximum EQEs
among devices 1A-5A were obtained for devices based on TADF emitters
2 and 4 having asymmetrical structures with 9,9-dimethyl-9,10-dihy-
droacridine and either phenoxazine or carbazole moieties (5 and 4.1%,
respectively). Despite the highest PLQY value observed for film of 1,
OLEDs based on compound 1 showed maximum EQE of only 2.5%, ap-
parently, because of the smaller contribution of TADF in its emission
(DF/PF intensity ratio of 0.65) (Table 2). The lowest maximum EQE
value of 1.6% was obtained for device 3A based on the compound 3
containing carbazole and phenothiazine donors most probably was due
to both the lowest PLQY value and the lowest hole mobilities of the films
of the compound. The best device 2A showed maximum current effi-
ciency of 16.3 cd/A, maximum power efficiency of 12.2 lm/W and
maximum EQE of 5% (Table 4). The maximum brightness of 22600 cd/
m2 was also obtained for device 2A. The highest brightness of this device
can partly be explained by the position of its electroluminescence spec-
trum which was in the range of maximum sensitivity of human eyes. The
analysis of the obtained results for non-doped devices 1A-5A shows that
EQE values are below the theoretically calculated ones. The theoretical
values estimated by the formula EQEs = (γ × ηST × PLQY) × ηout were
found to be 8.4–12.6% for the device based on 1, 5.2–7.8% for the device
based on 2, 2.2–3.3% for the device containing 3, 7.8–11.7% for the
device containing 4 and 3.6–6.5% for the device based on 5 taking
PLQYs of the emitters (Table 2), the best charge balance factor γ = 1, the
fraction of radiative excitons ηST = 1 as it is for TADF emitters, and the
outcoupling efficiency ηout = 0.2 or 0.3, respectively. Since the calcu-
lated EQE values were higher than the experimental ones, it was clear
that the structures of devices 1A-5A did not meet the requirements for
the best charge balance factor (γ = 1). Therefore, electroluminescent
properties of the selected compounds 1, 2 and 4 were additionally tested
in OLEDs using structure ITO/HAT-CN/TCTA/mCP/non-doped light-
emitting layer/TSPO1/TPBi/LiF/Al of devices which were designated as
1A1, 2A1 and 4A1, respectively. In these devices, improvement of the
charge balance in light-emitting layers was expected, thus improving of
γ, using the layers of hexaazatriphenylenehexacarbonitrile (HAT-CN),
tris(4-carbazoyl-9-ylphenyl)amine (TCTA), and 1,3-bis(N-carbazolyl)
benzene (mCP) as hole-injection, hole-transporting and exciton-blocking
layers, respectively. Indeed, higher maximum EQEs of 3.4 and 6.2% were
observed for devices 1A1 and 2A1 in comparison to maximum EQEs of
2.5 and 5% of devices 1A and 2A based on the same emitters, respec-
tively (Figs. S11 and S1). Meanwhile, device 4A1 showed lower max-
imum EQE than device 4A. Apparently, the structure of this device is not
appropriate for the best charge balance in light-emitting of compound 4.

Despite lower PLQY (26%) of compound 2 relative to those of
compounds 1 and 4, (42 and 39%) experimental EQEs of devices 2A
and 2A1 were higher than those of devices 1A, 1A1, 4A and 4A1. In
addition, the experimental EQEs of doping-free devices 2A and 2A1
well correlated with the theoretical value (5.2–7.8%). The highest
charge balance factor γ was obtained for devices 2A and 2A1 being
mainly responsible for the highest device performance.

Doping for emitting layers of OLEDs based on AIEE emitters 1–5 did
not lead to any impressive improvement of the characteristics. For ex-
ample, doping of emitter 2 resulted in luminance drop from 22600 to
14900 cd/m2 and slight increase of turn-on voltage. In addition, it also
resulted in the increase of OLED efficiency to 21.2 cd/A, 15.7 lm/W and
EQE of 7.3% apparently because of the improvement of charge-trans-
porting properties. More information and discussions on EL character-
istics of doped devices are given in Supporting Information.

We believe that our research of emissive properties of the variety of
newly synthesized derivatives influenced by specific donor substitution
will be helpful in a field of a molecular design of D-A-D and D-A-D*
TADF emitters for highly efficient electroluminescent devices.

In addition, the electroluminescent properties of the synthesized
differently substituted benzonitriles in with those of reported benzo-
nitrile-based TADF materials were compared (Table S2).

3. Conclusions

In this work, we report on the synthesis properties and performance
in doping-free OLEDs of five donor-acceptor-donor derivatives con-
taining cyanobenzene acceptor moiety and carbazole, phenothiazine,
phenoxazine, 9,9-dimethyl-9,10-dihydroacridine donor units utilizing
symmetrical doror-acceptop-donor and asymmetrical structures doror-
acceptop-donor*. Effects of different donor substitutions on photo-
physical, thermal, electrochemical, electrooptical, and electro-
luminescent properties of the newly synthesized compounds were stu-
died. The HOMO/LUMO separation for the enhancement of a reverse
intersystem crossing was achieved by unsymmetrical donor substitution
of cyanobenzene moiety resulting in efficient thermally-activated de-
layed fluorescence with absolute quantum yield of solid non-doped
samples reaching 42%. Emission color of the compounds was sensitive
to the substitution pattern. It ranged from blue (for carbazole/acridan-
containing compounds) to green (for phenothiazine/phenoxazine-con-
taining compounds). The compounds were characterized by bipolar
charge transport with different hole mobility values (up to 1 × 10−4

cm2V−1s−1 at electric field of 6.9 × 105 Vcm−1) and with close elec-
tron mobility values (up to 3 × 10−4 cm2V−1s−1 at electric field of
6.9 × 105 Vcm−1). The synthesized compounds showed good perfor-
mances in doping-free OLEDs. The device based on phenoxazine and
acridan containing benzonitrile derivative showed maximum current
efficiency of 16.3 cd/A, maximum power efficiency of 12.2 lm/W and
maximum external quantum efficiency of 5%.

Table 4
Electroluminescence parameters of OLEDs.

Device EMLa Lmax, × 103 cd/m2b Von, Vc ηc, cd/Ad ηp, lm/We EQE, %f CIEg

1A 1 5.3 3.6 5.3 (4.8) 3.6 (3.6) 2.5 (2.2) (0.187 0.285)
2A 2 22.6 3.4 16.3 (11.5) 12.2 (10.0) 5.0 (3.5) (0.309 0.565)
3A 3 1.2 4.4 5.2 (4.0) 3.5 (2.4) 1.6 (1.3) (0.347 0.522)
4A 4 2.6 4.5 8.4 (7.7) 4.9 (4.6) 4.1 (3.7) (0.181 0.271)
5A 5 10.4 3.6 7.7 (6.9) 6.0 (5.6) 2.4 (2.1) (0.337 0.555)

a Type of EML.
b Maximum brightness.
c Turn-on voltage.
d Maximum current efficiency.
e Maximum power efficiency.
f Maximum external quantum efficiency.
g CIE 1931 UCS coordinates at 8 V. The values in parentheses are presented at 100 cd/m2.
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