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1.  INTRODUCTION

| vividly remember starting our organic chemistry course at high school. It was
a significant shift from the simple balancing of chemical equations to analysing
complex, carbon-based chains, and hexagon-shaped rings, not to mention the drawing
of ‘balloon-shaped’ orbitals. Back then, none of us, myself included, could have
imagined actually using this knowledge in the future. Yet, here I am, more than a
decade later, writing a thesis on organic semiconductors...

Little did | know that those initial lessons in organic chemistry were the
foundation for understanding a field that is now at the cutting edge of modern
technology. The exploration of organic semiconductors is driven by their potential
and the challenges they present. These materials, primarily composed of carbon-based
small molecules or polymers, offer distinct advantages over the traditional inorganic
semiconductors. They are inherently flexible, potentially cheaper to produce, and can
be processed in solutions.! This makes them ideal for innovative applications such as
flexible displays, wearable electronics, and even biodegradable sensors, marking them
as pivotal in the evolution of electronic devices towards more sustainable and versatile
technologies.?%*

While organic semiconductors offer promising advantages, they also face
significant challenges that hinder their widespread adoption.>® One of the primary
issues is their relatively short operational lifetime, which is often attributed to factors
such as device degradation, exciton quenching, and charge carrier imbalance.”®
Additionally, an efficient triplet-to-singlet energy transfer, a crucial process for
achieving high performance organic light-emitting diodes (OLEDSs), remains a
complex and ongoing research area. In OLEDs, the majority of excited states
generated are triplets, which are usually non-radiative. To overcome this limitation,
efficient triplet-to-singlet energy transfer mechanisms are essential to convert these
non-radiative triplets into radiative singlets, thereby enhancing the overall efficiency
of devices.® The development of new materials and device architectures that promote
the triplet-to-singlet energy transfer is a key focus of research in the field of organic
semiconductors.

In response to these challenges, this work aims to advance the development of
efficient electroluminescent devices by exploring and optimizing triplet-to-singlet
energy crossing mechanisms in organic emitters, with a focus on innovative materials
and processes that enhance the device performance.

The following objectives were outlined in order to achieve the aim of the
dissertation:

e Explore the application of exciplex emitters that display TADF in white
organic permeable-base light-emitting transistors (OPB-LETS).

e Characterise novel dibenzo[a,c]phenazine-based TADF and TTA
exhibiting materials and evaluate their performance in yellow-orange-

red OLED applications.
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o Assess the impact of different donor types on the efficiency of
dicyanopyridine-based TADF compounds in OLEDs, particularly
focussing on device lifetime and optimisation.

e Investigate the effectiveness of novel host materials in enhancing the
performance of TADF OLEDs compared to that of a commercial host.

The scientific novelty of the work

In the first study, significant breakthroughs were achieved in the development
of white organic light-emitting transistors (OPB-LETS) by introducing a novel vertical
device structure. The initial efforts using known exciplex emitters faced challenges
due to inefficient electron injection, which prevented the achievement of white
electroluminescence (EL). This issue was addressed by using a new emitter, 4,6-bis(4-
(9H-carbazol-9yl)phenyl)pyrimidine-5-carbonitrile (CzPm), which uniquely features
orange exciplex forming capabilities. This innovative approach allowed us to
successfully combine blue exciton and orange exciplex emissions, producing white
light with an enhanced brightness and efficiency. The resulting OPB-LETSs not only
demonstrated the capacity for white EL but also showed improvements in external
guantum efficiency and a remarkable colour rendering index of 93.

The second study marks significant advancements in the OLED technology
through the exploration of carbazole or acridan-substituted dibenzo[a,c]phenazines
(CzDbp and AcDbp) employing a donor-acceptor-donor architecture aimed at
inducing TADF. Both compounds were characterised by media-dependent
combinations of TADF and TTA. While AcDbp demonstrated microsecond-lived
fluorescence, whereas CzDbp showcased a distinct nanosecond-lived fluorescence.
The OLED using CzDbp as the host for the red phosphorescent emitter (pig):lr(acac)
demonstrated enhanced EL parameters, achieving a higher external quantum
efficiency (EQE) of 15.9% and a reduced efficiency roll-off compared to devices
using the commonly employed hosts mCP, mCBP, NPB, and nBPhen. When utilised
as TADF/TTA emitters, the compounds CzDbp and AcDbp enabled the yellow and
orange host-guest system-based devices to reach EQE of 19.4% and 22.1%,
respectively. This approach not only refines our understanding of TADF/TTA triplet
harvesting mechanisms but also pushes the boundaries of the OLED performance,
thereby promising more efficient and durable OLED applications.

The third study introduces an innovative approach to the design of OLEDSs using
two newly developed multiple donor-substituted dicyanopyridines. These
compounds, of which one consists of three donors of the same type (3,6-di-tert-butyl-
carbazole) (5a) and the other involves a combination of two types (3,6-di-tert-butyl-
carbazole and 3,7-dibromophenothiazine) (5b), exhibit efficient green and orange
TADF emission. When tested in OLEDs, compound 5b displayed low device lifetimes
and limited maximum external efficiencies of 3.1% for devices without a host and 5%
for emitter-in-matrix devices. In contrast, OLEDs based on the 5a showed
significantly better performance. These devices achieved high device lifetimes and
impressive maximum EQE of 8.1% for devices without an additional host and
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impressive 25% for host-guest system-based and optimised devices. This effort
represents a significant step forward in the functional design of TADF OLEDs, while
utilising perspective dicyanopyridine-based emitters.

The fourth study introduces the use of 3,5-dicyanopyridine motifs in the design
of electroactive materials for optoelectronic devices, highlighting three electron-
transporting semiconductors with promising properties. These materials exhibit high
triplet energies ranging from 2.68 to 2.79 eV and ionisation potentials around 6 eV.
Notably, two of these compounds produce deep blue emissions through relaxation of
HLCT states, while the third, incorporating an additional carbazole donor unit, shows
pure charge-transfer (CT) emission. These compounds demonstrate varied hosting
capabilities, significantly influencing the efficiency of the TADF emitter 4,6-di(9,9-
dimethylacridan-10-yl)isophthalonitrile (DACIPN). The standout performer was an
OLED which used 4,4'-(5-((4-fluorophenyl)ethynyl)-1,3-phenylene)bis(2,6-
dimethylpyridine-3,5-dicarbonitrile) (FPDD) as a host. The device with FPDD
achieved a maximum EQE of 21.9%, thus significantly outperforming the 12.2%
efficiency of the device based on the conventional host mCBP. This exceptional
efficiency underscores the potential of these materials to advance the OLED
technology, while offering significant improvements in the device performance and
durability.
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2. BRIEF REVIEW OF SCIENTIFIC LITERATURE

Organic semiconductors have not only advantages, but also their limitations.
Historically, their electronic and optical properties lagged behind those of their
inorganic counterparts, often exhibiting lower charge carrier mobilities and
operational stabilities as well as difficulties in large area defect-free
applications.®8101112 These shortcomings present significant hurdles, but also propel
the field forward as researchers strive to harness and enhance the intrinsic properties
of these organic materials.

One of the most promising avenues of research involves the efficient
management of excitons — bound states of electrons and holes within a semiconductor.
Organic materials naturally facilitate robust exciton formation due to their strong
exciton binding energies, making them excellent candidates for optoelectronic
applications.®!* Yet, efficiently harnessing singlet and triplet excitons for light
emission still remains a challenge. To address this, phenomena such as thermally
activated delayed fluorescence (TADF), triplet-triplet annihilation (TTA), and
hybridised local charge transfer (HLCT) are being explored.!>16171819 These
mechanisms allow the conversion of triplet excitons, which typically do not contribute
to light emission, into singlet excitons that emit photons, thereby enhancing the
efficiency and performance of devices such as OLED and organic light emitting
transistors (OLET).

This dynamic interplay of the potential benefits and challenges highlights why
organic semiconductors are at the forefront of scientific inquiry. Researchers are not
merely trying to replicate the functionalities of inorganic semiconductors but are
actually aiming to surpass them, exploiting the unique properties of organic materials
to develop technologies that were previously unattainable.?

Currently, one of the most popular approaches for developing high efficiency
organic-based electroluminescent devices is triplet harvesting.*>"18 Based on spin
statistics, during electrical excitation, singlet excitons constitute only 25% of the total
population of charges, while the remaining 75% consist of triplet excitons.?* This
distribution makes triplet harvesting essential for achieving efficient OLEDs because,
in conventional fully organic fluorescent devices, only singlet excitons can be used to
generate photons.™® Triplet harvesting is based on converting triplet excitons (Fig. 1),
which usually do not emit light, into singlet excitons that do emit photons, thus
increasing the theoretical internal quantum efficiency (IQE) from as little as 25% up
to 100%. 222324
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Fig. 1. Overview of mechanisms for harvesting triplet excitons to achieve
electroluminescence in OLED devices. a) conventional fluorescence; b) thermally
activated delayed fluorescence (TADF); c) triplet-triplet annihilation (TTA); d)
hybridised local and charge transfer (HLCT)

One effective method for this conversion is called thermally activated delayed
fluorescence (TADF), alongside reverse intersystem crossing (RISC). A phenomenon
initially reported by Perrin nearly a century ago remained merely a spectroscopic
curiosity until 2011.%° It was then that Adachi suggested its use in harvesting triplets
in OLEDs, potentially bringing their theoretical internal quantum efficiency to
100%.26%".28 TADF materials use thermal energy and a very small energy gap between
singlet and triplet levels (AEst) to convert triplet excitons into a singlet state via RISC,
allowing for efficient light emission.?#2628 This is particularly important for creating
high-efficiency electroluminescent devices without using toxic heavy metals, which
are common in phosphorescent materials. An example of the impact of TADF is seen
in the development of blue OLEDs, which now nearly match the performance of
phosphorescent alternatives, marking a significant achievement in the OLED
technology.®18

Another method, TTA, is manifested when two triplet excitons interact, and one
transfers energy to the other, forming a higher energy singlet state that emits light.
This mechanism is useful in devices that achieve high triplet exciton concentrations,
enhancing the light output. Usually, TTA emitters are used in conjunction with
sensitisers, which absorbs photon energy, generating a singlet excited state before
undergoing intersystem crossing (ISC) to transition into its triplet state. Subsequently,
triplet energy transfer populates the triplet state of the TTA emitter.2%3031 Upon the
encounter of two triplet excitons, TTA facilitates an up-conversion process resulting
in the formation of one singlet exciton that can undergo radiative decay via
fluorescence.® Unfortunately, since two triplet excitons are needed to generate one
singlet exciton, only half of the generated triplet excitons can theoretically contribute
to emission. This limitation means that the maximum IQE can reach only up to
62.5%.%
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HLCT involves a novel arrangement where the molecular structure encourages
interaction between localised excited (LE) states and charge-transfer (CT) states. The
LE state supports high-efficiency fluorescence through rapid radiative decay, while
the CT state facilitates the generation of singlet excitons in a high yield. This occurs
via RISC, where excitons transition from a high-lying CT-based triplet excited state
back to the CT-based singlet excited state.?? This interaction boosts both the charge
and the energy transfer within the molecule, enhancing the stability and efficiency of
light-emitting devices.®* HLCT has proven especially beneficial in harvesting nearly
all electrically generated excitons in OLEDs without any delayed fluorescence,
demonstrating a significant potential in the development of low-cost, fully organic
emissive materials, %36

Despite these advances, challenges in triplet harvesting remain. Managing
triplet exciton dynamics to prevent their energy from being lost (quenching) and
maximizing the light emission efficiency are ongoing concerns.?? Moreover,
developing materials that can harness these mechanisms without losing the colour
quality or stability under operational stress continues to be a key research area. The
advancements in triplet harvesting techniques not only push the field of organic
electronics forward, but also support broader goals of making electronic devices more
sustainable and versatile. By reducing the dependence on rare or toxic metals and
enhancing the energy efficiency of displays and lighting, these technologies help
promote environmental sustainability and economic efficiency, aligning with the
future needs of organic electronics.
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3. REVIEW OF THE PUBLISHED ARTICLES

3.1. White Vertical Organic Permeable-Base Light-Emitting Transistors
Obtained by Mixing of Blue Exciton and Orange Interface Exciplex Emissions
(scientific publication No. 1, Q1, 5 quotations)

This sub-chapter is based on the paper published in Journal of Materials
Chemistry C, 2022, 10, 9786 by K. Leitonas, M. Guzauskas, U. Tsiko, J. Simokaitiené,
D. Volyniuk, J. V. Grazulevigius.*’

In this work, exciplex emitters displaying TADF were used to build white
organic permeable-base light-emitting transistors (OPB-LETS). Since the initial
report,® TADF materials have been an uncommon find for single-colour OLETs*4°
despite their high potential as heavy-metal-free emitters for OLEDs. As far as we are
aware, white OLETSs have not yet employed TADF emitters. The newly synthesised
bipolar chemical 4,6-bis(4-(9H-carbazol-9-yl)phenyl)pyrimidine-5-carbonitrile®!
(CzPm) was used in this work to produce OPB-LETSs. They demonstrated a maximum
external quantum efficiency of 2.4% and white electroluminescence (EL) with CIE
colour coordinates of (0.34; 0.36) and a colour rendering index (CRI) of 93. These
OPB-LETSs have an entire active area that emits light, which is the crossing area
between the three electrodes.

The designed OPB-LETs comprised a three-electrode structure, which was
derived from two parts of organic multilayers (Fig. 2 b, ¢, d). The first (between the
top electrode (emitter) and the middle electrode (base)) had only Cs electron-
transporting and LiF electron-injecting layers which were selected according to
previously published articles.**** The second part (placed between the middle
electrode (base) and the bottom electrode (collector)) played the role of an OLED
structure and was expected to produce efficient EL. The structures of the devices were
the following:

e ITO/M00O3 [3 nm]/TAPC [80 nm]/PO-T2T [40 nm]/Al [10 nm]/C70
[120 nm]/LiF [2 nm]/Al (orange OPB-LET)

e ITO/M00O3[1 nm]/TAPC [60 nm]}/mCP [20 nm]/PO-T2T [40 nm]/Al
[15 nm]/C70 [120 nm]/LiF [1 nm]/Al (blue OPB-LET)

e ITO/MoO;[1 nm]/TAPC [60 nm]/CzPm [20 nm]/PO-T2T [40 nm]/Al
[15 nm]/C70 [120 nm]/LiF [1 nm]/Al (white OPB-LET)

The presence of MoO3z and TAPC layers facilitated the effective injection and
transportation of holes from the ITO electrode to the light-emitting, exciplex-
capable,* interface TAPC/PO-T2T which indeed resulted in the orange colour EL
peaking at 558 nm (Fig. 3 a).

20



a)

JEATUTACE

O TAPC
O O mCP

pre CzPm (mCP) ~ .
O & 55 T %ﬂ su T°
g‘g‘ - Collector (ITO) J
)

Nd CzPm ‘&9 c Glass
C

st 20 e
-2,

Electrons N,

R —————————— 29

Fig. 2. a) Chemical structures of the utilised compounds; b) Device configuration
illustration for white (blue) OPB-LETS; ¢) and d) Energy level diagrams at
equilibrium for blue (orange) and white OPB-LETs. HOMO/LUMO values in eV.
Insets: Photographs of blue and white OPB-LETS under zero and applied bias

.92

Energy, eV
Energy, eV

Collector

g
g
s
3
3

The observed EL spectrum demonstrated the ability of electrons to pass through
the permeable base. A comparison of collector current densities (Jec) and base current
densities (Jes) (Fig. 3 b, Table 1) indicated that the amount of current leaking to the
permeable base was relatively minimal. The base leakage current density Jes iS
significantly lower than that of Jec by more than three orders of magnitude at the same
external voltages, suggesting that the self-passivating AlOy layer (Fig. 2 b) has a high
insulating efficiency.

In order to demonstrate the current and EL modulation effect, we measured the
variations of the current density (Jec) and brightness in relation to the collector voltage
(Vec) (Fig. 3 €). The Vec was adjusted within a very narrow range of 7.00 to 7.08 V,
with small increments. The photodiode recorded the brightness in arbitrary units
(a.u.). The choice of these parameters enabled the recording of these characteristics
for approximately 10 seconds. During the measurements, the base voltage Ves was
alternated between two states: ‘on’ (Ves=4 V) and ‘off’ (Ves=0 V). Consequently,
distinct disparities were noted in the collector current density Jec and the output
brightness at various Vg states. When the device is in the ‘on’ state, electrons that are
injected from the emitter electrode can flow through the base electrode and then
undergo radiative hole-electron recombination via EL at the interface between TAPC
and PO-T2T (Fig. 2 c). The efficiency of electron injection from the emitter electrode
increased as the voltage Veg increased, suggesting that the base voltage Ves can
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regulate the passage of electrons through the permeable base containing pinholes (Fig.
3 ¢). However, the low maximum EQE of 0.17% of the orange OPB-LET suggested
the replacement of exciplex TAPC:PO-T2T by a more efficient one.
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Fig. 3. a) EL spectrum at 12 V; b) Transfer; ¢) Output characteristics (current
density-voltage); d) Current density-voltage and brightness-voltage at Ves = 4 V; €)
Current density and brightness under ‘on’ and ‘off’ states; f) Current, power, and
EQE vs. collector current density Jec for the orange exciplex-based OPB-LET

In search of a more efficient exciplex system, the structure was supplemented
with an mCP interlayer between the layers of TAPC and PO-T2T (Fig. 2 b, ¢) which
indeed resulted in blue EL with a peak intensity of 478 nm* (Fig. 4 a). The
recombination zone between holes and electrons was located at the interface between
the mCP and PO-T2T layers (Fig. 2 c). There was no injection of electrons from PO-
T2T to mCP because of the significant energy barrier of 1.1 eV between their
respective lowest unoccupied molecular orbitals (LUMO) at the mCP/PO-T2T
interface. The voltage-dependent transfer current density plots (Fig. 4 b) indicate that
the blue OPB-LET does not exhibit significant current leakages through the base.
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However, increasing the voltage applied to the base results in a higher collector
current Jec of the blue OPB-LET. Fig. 4 e illustrates the current and brightness
modulation effect that is obtained by switching Ves between the ‘on’ and ‘off’ states.
Although the blue OPB-LET exhibited a brightness of only 7 cd/m? (Fig. 4 d) due to
low sensitivity of the human eye to the blue light, the maximum EQE was estimated
at 1.2% (Fig. 4 f, Table 1). Once more, searching for an enhancement of efficiency,
the newly synthesised emitter CzPm (Fig. 2 a, b, d) was used in place of mCP, and
white EL was observed for OPB-LET (Fig. 5 a).

Table 1. EL parameters of orange, blue and white OPB-LETs

OPB- Von, V Max EL CIE 1931
at0.1 | brightness, | EQE, % | maximum¥*, | coordinates | CRI*
LETs 2 2
cd/m cd/m nm (x, y)*
Orange 6.7 30 0.17 558 -
Blue 3.6 7 1.2 478 (0.22,0.31) -
White 3.3 300 2.4 478, 556 (0.34; 0.36) 93

* at turn-on voltages

In the EL spectra of white OPB-LET, one can observe a high-energy emission
band centred at 478 nm and a low-energy band with the highest intensity at 556 nm
(Fig. 5 a). The band reaching its highest intensity at a wavelength of 478 nm is
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associated with the emission of blue excitons from CzPm. On the other hand, the band
with a lower energy is seemingly linked to the emission of orange exciplexes at the
interfaces of CzPm/PO-T2T or CzPm/TAPC. After a thorough photophysical
investigation, it was observed that the blue shift in the photoluminescence (PL)
spectrum of the CzPm:PO-T2T mixture, compared to the PL spectrum of the CzPm
film, is caused by a solid-state solvatochromism-like process. The observed red shift
in the PL spectrum of the CzPm and TAPC mixture, compared to the PL spectrum of
the CzPm film, can be explained by the formation of exciplexes (Fig. 5 d).

L

Normalised EL intensity, a.u.

z

Normalised intensity, a.u.

Fig. 5. a) EL spectra; and b) the corresponding CIE colour coordinates obtained at
various voltages. ¢) Transfer characteristics for the white exciplex-based OPB-LET.
d) Normalized PL spectra of the CzPm, CzPm:PO-T2T, and CzPm:TAPC films. e)

Current density and brightness as a function of voltage at Veg = 5 V. f) Efficiency
metrics (current, power, EQE) versus collector current density. The CIE colour
diagram b) is supplemented with the colour coordinates of CzPm exciton and
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The TADF properties of the exciplex-forming molecular mixture CzPm:TAPC
were investigated and proven by recording its PL spectra and PL decay curves at
temperatures from 77 K to 300 K. Transient EL curves were recorded to verify the
contribution of TADF to the exciplex emission of the molecular mixture CzPm:TAPC
exciplex.
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Fig. 6. Time-resolved EL response of the CzPm:TAPC-based device

The blue and orange components of the EL from the CzPm:TAPC-based device
were specifically analysed (Fig. 6); thus the contribution of TADF to the orange
component was supported by long-lived EL decay curves. Due to the mixing of blue
exciton emission from CzPm and the orange exciplex emission from CzPm:TAPC,
white OPB-LET was characterised by pure white EL with the colour coordinates of
(0.33, 0.33) close to natural white (Fig. 5 b) and exhibited a colour rendering index
(CRI) ranging from 77 to 93. The transfer and output current density-voltage
characteristics of the white OPB-LET were found to be similar to those of the orange
and blue OPB-LETs described above, thereby indicating a similar working
mechanism of the white OPB-LET. Compared to the orange and blue OPB-LETS,
the white OPB-LET was characterised by the lowest turn-on voltage of 3.3 V, the
highest maximum brightness of 300 cd/m?, and the highest EQE of 2.4%. These
results can be explained by the TADF properties of the newly observed exciplex
CzPm:TAPC together with good charge-injection and charge-transporting properties
of the film of CzPm. Overall, the OPB-LETs with a three-electrode-containing
structure exhibited effective EL together with the active current modulation ability,
giving promising prospects for future use across diverse domains.

3.2. TADF versus TTA Emission Mechanisms in Acridan and Carbazole-
Substituted Dibenzo[a,c]phenazines: towards Triplet Harvesting Emitters and
Hosts Emissions (scientific publication No. 2, Q1, 25 quotations)

This sub-chapter is based on the paper published in the Chemical Engineering
Journal, 2021, 417, 127902 by V. Andrulevicieng, K. Leitonas, D. Volyniuk, G.
Sini, J. V. Grazulevigius, V. Getautis.*®

TADF materials have attracted considerable attention in the field of organic
optoelectronics because they have the potential to achieve 100% IQE by capturing
triplet excitons through RISC.*"4849 TADF hosts are capable of efficiently transferring
energy to the guest molecules through the Forster energy transfer (FET), while
achieving a utilisation rate of 100%. A minimal energy difference between the singlet
and triplet states (AEst) is crucial for achieving efficient TADF through RISC.%°
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Organic materials that possess a high AEsr can be utilised in the OLED technology if
they demonstrate the phenomenon of TTA “hot excitons’ or upper-level triplet-singlet
intersystem crossing.>15?

Both TADF and TTA materials can serve as hosts in OLEDs if they fulfil certain
criteria. These criteria include possessing high and balanced charge mobilities, a wide
transporting band gap with suitable HOMO and LUMO energy levels for charge
injection, and exhibiting high optical, thermal, and electrochemical stability.5354%
These hosts serve multiple purposes, including mitigating the negative effects of
aggregation-induced quenching on OLED emitters in the solid state, facilitating the
recombination of holes and electrons within the light-emitting layer, and enabling
additional triplet harvesting within the host.%

The objective of this study is to concentrate on the advancement of effective
TADF and TTA hosts which are known for their highly twisted molecular structures
that typically result in inadequate charge transport properties. The study presents new
compounds with dibenzo[a,c]phenazine acceptor that have been substituted at either
the C-2 or C-7 positions with electron-donating carbazole (CzDbp) or acridan
(AcDbp) groups (Fig. 7). Surprisingly, the developed dibenzo[a,c]phenazine
derivatives exhibited TTA, contrary to what had been expected. These derivatives also
showed conventional TADF, which is advantageous for creating highly efficient
orange-red OLEDs.

Fig. 7. Chemical structures of investigated compounds AcDbp and CzDbp

The study started from the investigation of the ionisation potentials (IP) of
materials AcDbp and CzDbp, through the use of photoelectron emission (PE) and
cyclic voltammetry (CV). The IP values determined by PE were found to be the same
for both materials at 5.5 eV, while the values measured by CV were slightly lower —
5.25 and 5.44 eV for AcDbp and CzDbp, respectively (Table 2). The discrepancy
arises from the heightened polarisation effects observed in the solid state. The energy
of the lowest unoccupied molecular orbital (EAPE) for AcDbp was 0.24 eV greater
than that of CzDbp (Table 2).
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Table 2. IP, EA and charge mobility values for AcDbp and CzDbp

|pPE' Egopt, EAPE, |pCV] EACV, P-h*, ue*,

eV eV eV eV eV cm?/\V/s cm?/Vs
AcDbp 5.50 2.73 2.77 5.25 3.12 2.4-10°3 1.2:10°%
CzDbp 5.50 2.97 2.53 5.44 3.11 3.8-10°8 1.0-10*

* charge mobility at 2.02x10° V/cm

The charge transport properties of vacuum-deposited layers of AcDbp and
CzDbp were analysed by using the time-of-flight (ToF) technique. The findings
indicated that the solid layers of AcDbp and CzDbp have the ability to transport both
holes and electrons, with charge-drift mobilities exceeding 10 cm?Vs under intense
electric fields (Table 2).

Further, the photophysical characteristics were investigated by analysing the
UV-vis absorption spectra in tetrahydrofuran and toluene solutions. These spectra
revealed a faint charge transfer (CT) tail in the 400-500 nm range (Fig. 8).
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Fig. 8. UV-Vis absorption profiles of a) AcDbp and b) CzDbp in toluene and THF

solutions

Fluorescence spectra (Fig. 9) and PLQYs of toluene and THF solutions were
recorded, and both compounds exhibited a Gaussian-shaped emission profile, further
indicating the CT nature of the emissive states. Solutions of CzDbp showed higher
values of PLQY than the solutions of AcDbp (Table 3). The values of PLQY of the
solutions in TOL and THF of AcDbp were 2% and 0.5%, while those of CzDbp were
37% and 28%, respectively. Higher PLQY values of CzDbp may be attributed to a
stronger TTA.
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Fig. 9. Room-temperature a) fluorescence and b) PL spectra as well as ¢), d) PH
spectra recorded at 77 K of THF solutions of AcDbp and CzDbp (PH spectrum of
the solution of Dbp in THF recorded at 77 K is presented as the yellow line)

PL and PH spectra were used to estimate singlet-triplet energy differences for
AcDbp and CzDbp solutions in THF at 77 K. AcDbp’s PL spectrum showed a
structureless shoulder, indicating the CT nature of the emissive state. On the other
hand, CzDbp’s PH spectrum showed a characteristic vibrational structure, indicating
that the lowest emissive T, state corresponds to the local excitation (3LE) of the Dbp-
core.

Table 3. Photophysical properties of AcDbp and CzDbp

. PLQY M0 oxygen S; T AEst
alr Q% ’ 1 y y
PLQY™, % % eV eV eV
THF/TOL/neat
film/mCP/mCBP THF/TOL 77 K THF
AcDbp 0.5/2/3/4/8 0.6/3 2.55 2.35 0.20
CzDbp 28/37/15/11/21 44/53 2.52 2.28 0.24

* measured at air condition
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Seeking to determine triplet harvesting properties of the investigated
compounds, air-equilibrated and deoxygenated toluene solutions were measured by
steady-state and time-resolved spectroscopy (Fig. 10). The PL spectra of standard and
deoxygenated solutions of the compounds exhibited a striking resemblance, thus
indicating that delayed fluorescence originated from the CT state identical to that of
prompt fluorescence. Furthermore, the PL decay of AcDbp followed a double
exponential pattern with a significant increase in the long-lived component lifetime
after deoxygenation. This indicates that PL originates from the harvesting of triplets,
most likely through TADF.
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Fig. 10. a), ¢) PL spectra and b), d) the corresponding PL decay curves for air-
equilibrated and deoxygenated toluene solutions of a), b) AcDbp and c), d) CzDbp

Interestingly, the toluene solutions of CzDbp displayed single-exponential PL
decays, indicating only prompt fluorescence. On the other hand, after deoxygenation,
the CzDbp solutions showed a 16% increase in PLQY, suggesting that the triplet
states undoubtedly contribute to the PL mechanism of CzDbp. This contribution is
likely through a mechanism different from that of TADF and is as fast as the
immediate fluorescence.

Since delayed fluorescence can be activated by temperature, PL spectra and PL
decay curves of neat and doped (10 wt. %) in mCP layers of AcDbp and CzDbp were
recorded at different temperatures ranging from 77 to 300 K (Fig. 11). The PL
intensities, and therefore the absolute PLQY's, of both the neat AcDbp film and the
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doped in mCP film increased as the temperature was raised from approximately 220
K to 300 K. The observed rise in the PL intensity as the temperature increases can be
attributed to the contribution of TADF.
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Fig. 11. a), c) PL spectra and b), d) corresponding PL decay curves acquired at
various temperatures for neat layers of a), b) AcDbp and c), d) CzDbp

No phosphorescent or delayed fluorescent components were observed in the
temperatures ranging from 77 to 300 K for the neat CzDbp film (Fig. 11 c, d). The
intensity of the photoluminescence decay profile decreased as the temperature
increased due to the process of TTA.

The compound AcDbp has shown potential as a TADF host for red OLEDs due
to its charge-transporting properties and energy of the first triplet level. However,
CzDbp showed ambipolar charge-transporting properties and higher PLQY than
AcDbp. Thus, both AcDbp and CzDbp were used in phosphorescent-based OLEDs
(PHOLEDS) to demonstrate their suitability as host materials for a commercial red
phosphorescent emitter (pig).Ir(acac).

For the initial test, the following device structure was used:

e ITO/ M0oOz (0.6 nm)/NPB (30 nm)/5 wt.% (piqg)lr(acac):Host (20
nm)/TPBi (70 nm)/LiF (0.8nm):Al
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where AcDbp and CzDbp were employed as a host, together with a well-known
host mCP used as a reference, thus producing PHOLED devices A, B, and C,
respectively (Table 4).

PHOLEDs A, B, and C showed the classical (pig):lr(acac) EL with a peak
wavelength of 623 nm. Devices A and B exhibited a lower turn-on voltage compared
to device C, thereby indicating excellent electron and hole injection. Device B with
CzDbp demonstrated the best maximum current efficiency (CEmax), maximum power
efficiency (PEmax), and external quantum efficiency (EQEmax). A higher EQEmax of 9%
was obtained for CzDbp-based PHOLED B compared to 8% for one of the best
conventional host mCP-based device C.

With the aim of further optimisation of the device structure, five devices with
the following configuration were designed:

e ITO/HAT-CN [5 nm]/NPB [40 nm]/TCTA [10 nm]/mCBP [10 nm]/ 5
wt. % (pig):lr(acac):Host [50 nm]/nBPhen [30 nm]/Liq [2 nm]/Al
where AcDbp, CzDbp and three more conventional hosts, namely, mCBP,
NPB, and nBPhen were used, producing devices named D, E, F, G and H,
respectively (Table 4).

Table 4. EL parameters of devices A-J

a
Device Emissive layer bV\;\:/i)\z\ilr{g, C(I:Edrr; :X’ Pllrznrﬁ\;(’ EQE/TaX’
Structure: ITO/MoO3/NPB/ Emissive layer /TPBi/LiF:Al
(pig)2Ir(acac):AcDbp 3.0/3.85 6.3 4.6 6.0
B (pig)2lr(acac):CzDbp 3.4/4.5 9.0 6.4 9.0
(pig)2lr(acac):mCP 4.0/5.2 8.6 5.6 8.0

Structure: ITO/HAT-CN/NPB/TCTA/mCBP/

Emissive layer /nBPhen/Lig/Al

D (piq)2Ir(acac):AcDbp 3.2/5.2 9.8 9.1 13.2
E (pig)2lr(acac):CzDbp 3.0/4.75 10.3 11.6 15.9
F (pig)2Ir(acac):mCBP 2.9/4.0 115 12.9 13.1
G (pig)2Ir(acac):NPB 3.2/45 6.6 6.7 9.0
H (pig)2Ir(acac):nBPhen 4.8/8.7 125 8.5 14.6
Structure: ITO/HAT-CN/NPB/TCTA/mCBP/ Emissive layer /nBPhen/Lig/Al

| AcDbp:mCBP 3.6/6.7 41.6 35.3 194
J CzDbp:mCBP 3.7/7.0 54.4 46.2 22.1

/o~ Was taken at 10 cd/m?; "Vpriving Was taken at 10 mA/cm?

Due to improved charge-injecting properties, D—H devices based on
(pig)2Ir(acac) exhibited improved output EL characteristics. Device E, fabricated by
using the developed host CzDbp, demonstrated the highest maximum EQE (15.9%)
and the lowest roll-off compared to the reference devices F—H containing mCBP,
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NPB, or nBPhen as the more traditional hosts (Table 4, Fig. 12). The high efficiency
of device E is partly due to the utilisation of triplet excitons not only within the
phosphorescent emitter (piq).Ir(acac), but also within the host CzDbp due to its strong
ability of triplet harvesting.
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Fig. 12. a) EL spectra; b) and ¢) EQE as a function of brightness, for devices D-J
employing AcDbp and CzDbp as either host or emitter materials

After acquiring promising results as a host, it was decided to test AcDbp and
CzDbp compounds as emitters in the same structure dispersed in the mCBP host.
Despite the low PLQY's of the investigated organic semiconductors, both of them
delivered unexpectedly high EQEs of 19.4 and 22.1% for AcDbp:mCBP and
CzDbp:mCBP, respectively. This disagreement can be linked to the potential loss
mechanisms when the TADF molecules are optically excited as it was discussed in®’.

Two new D-A-D type molecules, CzDbp and AcDbp with bipolar charge
transport and triplet exciton harvesting via TTA or TADF were studied. The optical
absorption spectra of AcDbp and CzDbp show very low intensity CT-tails. AcDbp
photoluminescence spectra and decay curves show TADF-induced delayed
fluorescence, while CzDbp showed triplet exciton harvesting via the TTA mechanism
but no delayed fluorescence. Triplet harvesting in the donor-acceptor molecules with
small singlet-triplet splitting can occur through a faster and competitive TTA
mechanism, and not only through TADF. Red PHOLEDs with the CzDbp as hosts
had 15.9% external quantum efficiency and a lower efficiency roll-off than those with
mCP, mCBP, NPB, and nBPhen hosts. External quantum efficiencies of 19.4% and
22.1% were achieved with AcDbp and CzDbp TADF/TTA emitters.

3.3. Dual versus Normal TADF of Pyridines Ornamented with Multiple Donor
Moieties and their Performance in OLEDs (scientific publication No. 3, Q1, 10
quotations)

This sub-chapter is based on the paper published in Journal of Materials
Chemistry C, 2021, 9, 3928 by P. Arsenyan, B. Vigante, K. Leitonas, D. Volyniuk, V.
Andrulevi¢iené, L. Skhirtladze, S. Belyakov, J. V. Grazulevig¢ius.%®

The utilisation of the multiple-donor approach has been extensively employed
in the development of highly effective TADF emitters for OLEDs.>® The high EQE of
TADF-based OLEDs is directly related to the efficient capture of emissive triplet
states through RISC in purely organic compounds.®® This process is most effective
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when the singlet-triplet energy splitting is small and the PLQY s are high in the solid
state.®! Previously, researchers developed multiple-donor—acceptor TADF emitters
which would have small AEst and high PLQY values when in the solid state. These
emitters demonstrated efficient and relatively stable EL characteristics. For example,
a TADF molecule containing three donor and three acceptor units was used in the
production of solution-processed sky-blue TADF OLEDs, achieving a maximum
EQE of 21.0%.%2 TADF molecules containing four donor moieties exhibited an
exceptionally high rate of RISC at 4.44 x 10° s, leading to OLEDs with maximum
EQEs of up to 24.6%.% Moreover, TADF emitters containing a greater quantity of
donor moieties exhibited reduced lifetimes of delayed fluorescence and increased
lifetimes of the device compared to the reference compounds with a lower quantity of
donor moieties.®*

The impact of various donor types on the efficiency of multiple donor-acceptor
interactions in TADF compounds has not been investigated thus far. This study
presents various donors incorporated into the molecular structure of multiple donor-
acceptor TADF emitters, resulting in highly efficient TADF compounds containing
two 3,6-di-tert-butyl-carbazole units. Two dicyanopyridines, which have multiple
donors, were fully characterised by multiple spectroscopic techniques. One of the
dicyanopyridines has three donors of the same type, specifically, 3,6-di-tert-butyl-
carbazole (5a), while the other dicyanopyridine has two different types of donors,
namely, 3,6-di-tert-butyl-carbazole and 3,7-dibromophenothiazine (5b), in its
molecular structure (Fig. 13). The OLEDs that used the synthesised compound 5a as
the TADF emitter achieved a maximum EQE of 25%.

So® O

& e

Fig. 13. Chemical structures of investigated compounds 5a and 5b

In this study, the electrochemical and photophysical properties of compounds
5a and 5b were investigated by using CV and PE spectroscopy (Fig. 14 a). The energy
levels of the compounds were determined, with CV observed ionisation potentials
(IP®Y) of 5.62 and 5.31 eV for compounds 5a and 5b. A lower IP€ value was obtained
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for 5b compared to that of compound 5a due to the presence of a strong electron-
donating 3,7-dibromophenothiazine moiety.

The electronic structures in the ground and excited states of 5a and 5b were
experimentally investigated by the UV-Vis, steady-state, and time-resolved
luminescence spectroscopy. Close peak wavelengths (390 and 396 nm) of low-energy
absorption bands were observed for the toluene solutions of 5a and 5b, which were in
very good agreement with the band of the previously investigated dicyanopyridine-
based corresponding compound I (Fig. 14 b, Table 5).%¢

Table 5. Photophysical data for 5a and 5b?

Compound 5a 5b

A of absorption peak (toluene), nm 395 390

A of PL max (neat/doped film &), nm 502/512 598/584
PLQY (neat/doped in mCP/ and mCBP film), % 18/20/22 12/17/20
S1 (THF/doped film &), eV 2.71/2.81 2.79/2.83
Ty (THF/doped film ), eV 2.61/2.7 2.75/—
AEst (THF/doped film 2), eV 0.1/0.11 0.04/—

@ Doped films are 5a (10 wt.%) in mCP and 5b (10 wt.%) in mCP as well as 5a (20 wt.%) in
mCBP and 5b (20 wt.%) in mCBP. First singlet (S1) and triplet (T1) levels were taken at set-
on of PL and phosphorescence spectra recorded at 77 K, respectively. PLQY's of solid films
were measured under air atmosphere

The neat films exhibited non-structured PL spectra, peaking at 502 and 598 nm,
respectively, for 5a and 5b. The PL spectra of 5a and 5b exhibited a shift when
compared to the PL spectrum of the compound I film.®® This shift could be attributed
to either their distinct dielectric constants or the formation of aggregates. A low-
intensity shoulder was detected in the PL spectrum of the 5b-doped mCP film,
specifically within the wavelength range of 400 nm to 500 nm. Thus, the PL spectrum
of compound 5b is a result of the overlapping of at least two emission bands.
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Fig. 14. a) CV and PE spectra of compounds 5a and 5b. b) UV-Vis and PL spectra
(ex. 350 nm) of 5a, 5b, and I in toluene solution, as well as neat and doped films
(mCP host). ¢) and d) Solvent effects on the UV-Vis and PL spectra of 5a and 5b,
respectively, in dilute solutions (ca. 10 mg/mL). e) Time-resolved PL spectra of 5b
in toluene solution at different time delays after excitation. f) PL decay curves of 5b
in toluene solution recorded at various emission wavelengths

Furthermore, solvatochromic measurements allow more information to be
obtained on the emission nature of organic compounds. In the case of normal TADF,
organic compounds exhibit CT emission that is strongly sensitive to solvent polarity.
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Therefore, non-structured emission spectra with a single broad band of the
conventional TADF emitters must be broadened and red-shifted with an increasing
solvent polarity due to the CT character of the first singlet excited state. Compound
5a was characterised by broadened emission spectra from 78 nm of its full width at
half-maxima (FWHM) for the solution in hexane to FWHM of 180 nm for the solution
in DMF (Fig. 14 ¢).

In the case of dual TADF emitters, non-structured emission spectra with two
broad bands have to be observed. Both bands have to be broadened and red-shifted
with an increasing solvent polarity due to the CT character of the first and second
singlet excited states being in disagreement with the Kasha rules at the same time. The
PL spectra of the solutions of compound 5b in solvents with a higher polarity were
also recorded (Fig. 14 d). The emission of compound 5b was observed by
solvatochromic measurements, which revealed the overlap of three bands (at
approximately 510, 573, and 635 nm) of different natures. These bands were separated
by time-resolved PL measurements, allowing for the separation of prompt and delayed
florescence spectra (Fig. 14 e, f). The high energy band, which was observed in the
PL spectrum of the toluene solution of compound 5b, reached its maximum at 510
nm. It is associated with fluorescence that occurs when the LE states recombine. This
fluorescence is characterised by a single-exponential PL decay that occurs within the
nanosecond range (Fig. 14 f). By varying the time delays for cutting the prompt
fluorescence at 500 nm, it was found that the highest intensities were observed for the
other bands (573 and 635 nm) which exhibit double exponential photoluminescence
decays, thus suggesting a mixture of prompt and delayed fluorescence resulting from
the recombination of various excited charge transfer states (Fig. 14 e, f).

In order to gain a deeper understanding of the emission nature of compounds 5a
and 5b, PL spectra and PL decays of the films of 5a and 5b dispersed in mCP host
were recorded at different temperatures (Fig. 15 a, b). A small AEst was obtained for
THF solutions of 5a and 5b (0.1 eV and 0.04 eV, respectively) and for the film of 5a
doped in mCP (0.11 eV). Long-lived fluorescence of compounds 5a and 5b was
identified as TADF since its intensity grew up with an increasing temperature.
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Fig. 15. a) PL decay curves and b) corresponding PL spectra recorded at various
temperatures for films of compounds 5a and 5b doped in mCP

Based on theoretical computations (TD-DFT) (performed by a co-author
of the article under discussion, Dr. Viktorija Andrulevi¢iené), it can be concluded that
TADF of 5a is related to CT transitions from 3,6-di-tert-butyl-9-phenylcarbazole
moieties to phenylpyridine-3,5-dicarbonitrile units (S1 — So), while the dual TADF of
5b corresponds to CT transitions from 3,7-dibromophenothiazine moieties to
phenylpyridine-3,5-dicarbonitrile units (S1 — So) and pyridine-3,5-dicarbonitrile units
(S2— So).

Further, the study was continued, and the investigated emitters were tested as
emitters in neat and host-guest system configuration OLEDs. A device with the
following structure was used to investigate the impact of the emitters 5a and 5b on
the device efficiency:

e |ITO/M00O3[0.6 nm]/NPB [35 nm]/mCP [6 nm]/5a (or 5b) (30 or 100
wt.%):mCP [25 nm]/TSPO1 [6 nm]/TPBi [35 nm]/LiF [0.6 nm]/Al

Neat and doped devices n-5a, d-5a, n-5b, and d-5b with light-emitting layers of
5a, 5a (30 wt.%):mCP, 5b, or 5b (30 wt.%):mCP were fabricated. In the device name,
‘n’ stands for ‘neat’, and ‘d’ stands for ‘doped’ in a host-guest system-based device.
A stable green and orange EL was observed under different applied voltages for the
devices based on 5a and 5b, respectively (Fig. 16 a).
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Fig. 16. a) EL spectra at 8 V; b) Current density and brightness as a function of
voltage; ¢) EQE versus current density; and d) Operational lifetimes of non-
passivated devices under ambient air conditions at a constant voltage of 5 V

The devices n-5a and d-5a had a higher turn-on voltage than those of the devices
n-5b and d-5b. Such turn-on voltages are in good agreement with compound 5a having
a higher IPPE value (6.09 eV) compared to 5b (5.95 eV). Devices n-5a and d-5a
exhibited a maximum brightness that exceeded 30,000 cd/m?, while devices n-5b and
d-5b had a maximum brightness approximately one magnitude lower, at >3,000
cd/m?. This observation may be related to different efficiencies of the devices and/or
to the different sensitivity of human eyes to green and orange light. Despite the
comparable values of PLQY, a similar trend was observed for EQEs as well as
brightness. Devices n-5a and d-5a demonstrated respectable values of 8.1 and 11.7%
of EQE, while n-5b and d-5b exhibited approximately 3 times lower values at 3.1 and
3.2% of EQE, respectively (Fig. 16 c, Table 6). The different device efficiencies can
also be explained by the different nature of the TADF of compounds 5a and 5b. In the
event of a dual TADF emission of compound 5b, energy transfer occurs through
internal conversion (IC) from S; to S; with quantum yields lower than 100%. This
additional energy transfer leads to a decrease in the emission efficiency and an
extended emission decay of compound 5b. This statement is supported by a long PL
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decay of 5b, reaching one millisecond (Fig. 15 a). The long emission lifetime of
compound 5b can enhance the probability of exciton—exciton and exciton—polaron
annihilations under electrical excitation, which can lead not only to a low EQE, but
also to low device lifetimes.%” Indeed, the lifetimes of devices n-5b and d-5b were
considerably shorter than those of devices n-5a and d-5a (Fig. 16 d).

Table 6. Electroluminescence parameters of the OLEDs

Devices | Van?, V | Aet®, nm | EQEmax, EQE100, EQE1000° (%)
n-5a | 4.9 515 8.1,80,78

d-5a | 4.6 523 11.7,11.1, 10.7

o5a | 3.9 512 25.0,15.2, 11.8

n-5b | 4.4 538 3.1,28,26

d-5b | 4.3 588 32,3.1,27

o5b |51 582 5,3.5, 0.6

2 V/on value taken at 10 cd/m?. ® kg value taken at 5V. ¢ EQEmax, EQE100, and EQE1o00 Were
taken at sets 10, 100, and 1000 cd/m?, respectively

In order to optimise the OLEDs, the EL properties of TADF emitters 5a and 5b
were also studied by exploring the device structure:

e ITO/HAT-CN [5 nm]/NPB [40 nm]/TCTA [10 nm]/ mCBP [10 nm]/5a
(or 5b) (20 wt.%):mCBP [50 nm]/NBPhen [30 nm]/Liqg [2 nm]/Al

naming devices as 0-5a and 0-5b, respectively, where ‘0’ stands for ‘optimised’.
By using this structure, efficient hole and electron injection/transport was achieved.
This statement is further supported by the same EL spectra observed at the different
applied voltages which are completely related to the emission of compounds 5a and
5b (Fig. 17 a, b). The trends in the dependencies of the current density — voltage and
voltage brightness of devices 0-5a and 0-5b are in very good agreement with those of
devices n-5a, d-5a, and n-5a, d-5a, respectively (Fig. 16 b, c).
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Fig. 17. a) and c) EL spectra recorded at various voltages; b) Current density and
luminescence as a function of applied voltage; and d) EQE plotted against
luminescence, all for the optimised devices 0-5a and 0-5b

Nevertheless, the optimisation of device structures allowed the improvement of
maximum EQEs up to impressive 25% and 5% for devices 0-5a and 0-5b mainly due
to the improvement of hole—electron recombination (Fig. 17 d).

This study investigated two dicyanopyridines that were substituted by multiple
donors. One dicyanopyridine had three donors of the same type, specifically, 3,6-di-
tert-butyl-carbazole, while the other dicyanopyridine had two types of donors, namely
3,6-di-tert-butyl-carbazole and 3,7-dibromophenothiazine, in its molecular structure.
These compounds demonstrate effective green, and orange thermally activated
delayed fluorescence as a result of the recombination of two intramolecular charge
transfer states. OLEDs with 3,7-dibromophenothiazine and 3,6-di-tert-butyl-
carbazole-containing emitter (5b) exhibiting dual TADF showed low device lifetimes
and a low maximum EQE of 3.1 (for the neat emissive layer-based device) and 5%
(for the doped device), while OLEDs based on 3,6-di-tert-butyl-carbazolyl multiple
substituted dicyanopyridines (5a) exhibiting normal TADF showed relatively high
device lifetimes and a high maximum EQE of 8.1 (for the neat emissive layer-based
device) and 25% (for the doped one). It can be concluded that the ultra-long emission
decay of 5b prevents direct and efficient recombination of charges, thus letting us
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know that shorter PL decays may be more favourable when looking for the overall
stability and efficiency of OLEDs.

3.4. 3,5-Dicyanopyridine Motifs for Electron-Transporting Semiconductors:
from Design and Synthesis to Efficient Organic Light-Emitting Diodes
(scientific publication No. 4, Q1, 5 quotations)

This sub-chapter is based on the paper published in Journal of Materials
Chemistry C, 2023, 11, 28 by K. Leitonas, B. Vigante, D. Volyniuk, R. Keruckiené,
P. Dimitrijevs, T. L. Chiu, J. V. Grazulevi¢ius, and P. Arsenyan.®

Inorganic light-emitting diodes (LEDs) became popular in the late 1990s
because of their superior efficiency, extended lifespan, and cost-effectiveness.®
OLEDs emerged as competitors to LEDs because of their distinctive characteristics,
such as optical transparency and flexibility.” In 1999, the development of
phosphorescent emitters resulted in an increase in the theoretical IQE to 100%.™
Commercial OLED products currently utilise phosphorescent OLED emitters in green
and red colours.” Nevertheless, the duration of functionality and the financial burden
associated with blue phosphorescent noble metal complexes continue to impede the
development of blue-emitting OLEDs. In 2012, researchers demonstrated that
thermally activated delayed fluorescence (TADF) materials can achieve a theoretical
IQE of 100% while using singlet and triplet excitons.”” TADF materials exhibit
reduced toxicity, offer cost advantages, and have already achieved an EQE exceeding
40%.* Such state-of-the-art OLED efficiency was achieved with the help of a suitable
host for an active emissive layer system. The hosts facilitate the enhancement of hole-
electron recombination by ensuring charge equilibrium within the light-emitting
layers. Furthermore, they enable the reduction of emission quenching phenomena,
such as concentration quenching, singlet-triplet interactions, or triplet-triplet
annihilations, among others.” Typically, most OLED hosts exhibit hole-transporting
or bipolar properties, where the mobility of holes is higher than the mobility of
electrons under the same electric field.”®"” However, there is a limited range of OLED
hosts that are capable of transporting electrons.”

In order to mitigate this constraint, the compound 3,5-dicyanopyridine was
chosen as a fundamental component for the development of organic semiconductors
that facilitate the transport of electrons. Pharmaceutical agents for medical
applications have used derivatives of 3,5-dicyanopyridine, 8081828384 3|though their
usage in optoelectronic devices remains limited. This study evaluated the suitability
of 3,5-dicyanopyridine motifs for creating compounds specifically for optoelectronic
purposes. Three derivatives of 3,5-dicyanopyridine (Fig. 18) were investigated by
electrochemical, photophysical, electrooptical, and electroluminescent methods.
OLEDs based on the TADF emitter 4,6-di(9,9-dimethylacridan-10-
yl)isophthalonitrile (DACIPN) and 3,5-dicyanopyridine host (FPDD) were created,
achieving a maximum EQE of 21.9%. This is notably higher than the EQE observed
for a reference OLED based on the commercially available mCBP host.
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Fig. 18. Chemical structures of compounds PPDD, FPDD and CzPDD

In the first place, the study investigated the electrochemical properties of PPDD,
FPDD, and CzPDD using CV. All three derivatives showed irreversible oxidation
and quasi-reversible reduction processes in the potential range. The stronger electron-
donating ability of the carbazole moiety resulted in a lower 1PV value for compound
CzPDD (5.7 eV) compared to PPDD (5.92 eV) and FPDD (6.06 eV). Electron affinity
(EA®Y) values were comparable for all three compounds (2.95-2.98 V). The CzPDD
compound film had a slightly higher IP?E value (5.94 eV) due to the interaction
between the molecules in the film. Unfortunately, due to technical limitations of
photoelectron emission spectroscopy in air, for the other two compounds, we were
unable to obtain experimental IPPE values. All IP values are given in Table 7.

Table 7. Electrochemical and photoelectrical parameters of compounds

3PV, eV PEACY, eV CELM, eV dIPPE eV °EAPE, eV
PPDD 5.92 2.96 3.74 n/a n/a
FPDD 6.06 2.95 3.83 n/a n/a
CzPDD 5.7 2.98 3.25 5.94 2.69

2IPCV(eV) = Eonset, ox (V) + 4.8, P EACY (eV) = Eonsetrea(V) + 4.8, ¢ Optical bandgap taken from
onset of the low-energy absorption band, ¢ lonisation potentials (IP?%) of the solid samples
estimated by photoelectron emission in air, ¢ electron affinity (EAPE) was calculated by IPPE-
EgoptzEAPE

The UV-Vis absorption and PL spectroscopies were employed to characterise
the photophysical properties of PPDD, FPDD, and CzPDD. The absorption spectra
of the compounds PPDD and FPDD were nearly identical, exhibiting a strong peak
at approximately 280-290 nm, and a distinct shoulder at around 296 nm (Fig. 19 a).
The compound CzPDD, which contains a phenyl carbazole group, displayed distinct
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absorption spectra. It showed a high-energy band that reached its peak at
approximately 290 nm, as well as a less intense band with a visible maximum at
around 333 nm. An intramolecular charge-transfer (ICT) phenomenon was detected
between the carbazole, which donates electrons, and the 3,5-dicyanopyridine, which
accepts electrons, at wavelengths greater than 340 nm.
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Fig. 19. a) Normalized UV-Vis and PL spectra comparing solid-state, toluene, and
THF solutions (1x10° M) of PPDD, FPDD, and CzPDD. b) PL decay kinetics in
toluene solutions. Inset: Sample images under UV illumination. ¢) Low-temperature
(77 K) PL and PH spectra in THF (ex. 300 nm for PPDD, FPDD; 340 nm for
CzPDD)

The absorption spectra of various solutions and films of PPDD, FPDD, and
CzPDD did not exhibit significant variations. However, the compounds displayed an
intensified absorption tail beyond wavelengths exceeding 350 nm. The lack of
significant changes in the absorption maxima with a varying solvent polarity suggests
that compound CzPDD has a relatively nonpolar ground state. The impact of the
media polarity is clearly demonstrated in the excited states, as indicated by the red
shifts observed in the photoluminescence spectra of compound CzPDD solutions
when using solvents with a higher polarity (Fig. 19 a).

The triplet energy of organic electroactive compounds is a crucial factor in
determining suitable hosts for phosphorescent or TADF OLEDs. Compounds PPDD
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and FPDD exhibited an identical triplet energy of 2.79 eV, which aligns with the
results obtained from steady-state PL spectrometry measurements. Compound
CzPDD also showed a relatively high triplet energy of 2.68 eV, while its singlet (3.37
eV) was lower than those of compounds PPDD and FPDD (Fig. 19 ¢, Table 8). When
the high triplet energies of PPDD, FPDD, and CzPDD are considered, it can be
assumed that these compounds could be used as hosts for different OLED emitters.

The PL spectra of the diluted solutions of compound CzPDD exhibit a
significant red shift, with the emission peak wavelength changing from 439 nm in a
toluene solution with a low polarity to 560 nm in a THF solution (Fig. 20 a). The solid
sample of compound CzPDD exhibited its highest emission intensity at 487 nm,
which is between the emission intensities of toluene and THF solutions. The
absorption spectra of the compounds under discussion showed a minor correlation
with the solvent polarity, whereas the wavelengths and profiles of emissions were
significantly influenced by the polarity of the surrounding medium.

However, compounds PPDD and FPDD, which contain phenyl and
fluorophenyl groups, showed minimal disparities in the emission energy when
dissolved in low polarity solvents (Fig. 20 a, b, ¢). Nevertheless, when the solutions
were placed in highly polar solvents like dimethylformamide (DMF) and acetonitrile,
significant shifts towards longer wavelengths and broadening of the spectra were
observed. The highest emission wavelengths of the PPDD and FPDD solutions in
toluene were observed at 394 nm, whereas for the solutions in DMF, they appeared at
431 nm and 440 nm, respectively. The FWHM for the solutions of compounds PPDD
and FPDD in toluene was determined to be 60 nm and 62 nm, respectively. In contrast,
the FWHM values for the solutions in DMF were measured to be 91 nm and 93 nm,
respectively. This broadening of emission signifies the potential for CT emission.
FWHM of CzPDD also increased dramatically from 83 nm for the solution in low-
polarity toluene to 225 nm for the solution in polar DMF. This observation confirms
intensive CT that occurs due to well-balanced donor and acceptor interactions.
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Fig. 20. Normalised PL spectra of the solutions (1x10° M) of a) PPDD, b) FPDD,
and ¢) CzPDD in the solvents of the different polarity and the corresponding
Lippert—Mataga plots d), ) and f) of dependencies of the Stokes shifts A(v) on
solvent orientation polarizability function A(f)

PPDD and FPDD display non-linear relationships of Lippert-Mataga equation
plots (Fig. 20 d, e, f). The obtained non-linear data can be fitted by two linear functions
for solvents with a low and high polarity. The presence of a dual tendency suggests
the characteristics of hybridised local and charge transfer (HLCT) states.®® The
emission is primarily influenced by the relaxation of locally excited states of PPDD
and FPDD molecules that are uniformly distributed in low-polarity media. However,
the emission of PPDD and FPDD solutions in solvents of a higher polarity, such as
THF and dichloromethane (DCM), can be attributed to CT states. Such a dual
character of locally excited and CT emission further indicates HLCT-type emission
for PPDD and FPDD.

The emission efficiency of the TADF emitters is influenced by the
characteristics of the hosts employed.®8” In order to evaluate the hosting capabilities
of PPDD, FPDD and CzPDD, the highly effective TADF emitter DACIPN was
chosen based on the overlap of the absorption spectrum of DACIPN and the emission
spectra of the hosts investigated in the solid state. The high triplet energies of PPDD,
FPDD, and CzPDD are anticipated to limit the dissipation of the triplet energy from
DACIPN through the triplet levels of the host materials.

A comparison was made between the hosting properties of PPDD, FPDD, and
CzPDD and the reference host mCBP. The PL spectra and PL decay curves of
DACIPN (10 wt.%) that was dispersed at the molecular level were measured in various
hosts (Fig. 21). Minor variations in the PL spectra of films containing DACIPN were
detected, suggesting that the emission properties of the TADF emitter DACIPN are
influenced by the conformational and static dielectric disorders of the host materials.®
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Different intensities of delayed fluorescence of DACIPN molecularly dispersed in
hosts PPDD, FPDD and CzPDD and mCBP were observed, indicating the different
TADF efficiency. The lowest intensity of the delayed fluorescence of DACIPN was
detected when it was dispersed in the host PPDD (Fig. 21 b). The variation in the
TADEF efficiency of DACIPN can be attributed to the difference in AEst of DACIPN
when it is dispersed in various hosts.
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Fig. 21. a) PL spectra and b) corresponding PL decay curves recorded in vacuum for
solid solutions of DACIPN (10 wt.%) in various hosts (PPDD, FPDD, CzPDD, and
MCBP). ¢) PL spectra and d) PL decay curves of the DAcIPN (10 wt.%) solid
solution in FPDD host, measured at different temperatures

For further estimation of the host effects of the compounds, samples were
investigated within a temperature range of 77 to 300 K (Fig. 21 c, d), which provided
enough details to calculate the emission kinetics, such as reverse intersystem crossing
(krisc). The DACIPN TADF emitter exhibited different krisc values when distributed
uniformly at a molecular level in various host materials: 1x10° s for PPDD, 1.3x10°
st for FPDD, 6x10° s for CzPDD, and 1.7x10° s for mCBP. Such results highlight
that compounds FPDD and CzPDD are more promising as OLED hosts than
compound PPDD.
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The fabrication of OLEDs was conducted as the final phase of the experimental
study. The study examined the performance of FPDD and CzPDD as hosts in OLEDs

with the following structure:

e |ITO/HAT-CN [5 nm]/NPB [40 nm]/TCTA [10 nm]}/mCBP [10
nm]/DAcIPN:Host [50 nm]/NBPhen [30 nm]/Liq [2 nm]/Al

Figure 22 a shows the energetic configuration of OLEDs. The composition of
the emissive layer was 90 wt.% of the host (compound FPDD in device A, CzPDD
in device B, and mCBP in device C) (Fig. 22 a, Table 8). In all cases, the emissive
layer also contained 10 wt.% of the emitter DACIPN.
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Fig. 22. a) Energy level diagram of devices A—C and b) molecular structures of the
compounds used for the preparation of light-emitting layers of the devices

The EL spectra of devices A-B are very similar with a peak at 540 nm.
Although, the PL spectrum of the reference OLED with the mCBP host was slightly
blue-shifted and peaked at 526 nm. Since the emitter DACIPN exhibits strong
solvatochromic properties,® this minor EL shift is mainly related to a different
polarity of the mCBP matrix compared to the polarities of the dicyanopyridine
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derivatives FPDD and CzPDD. The EL spectra of devices A-C agree well with the
PL spectra of the corresponding light emitting films (Fig. 21 a).

Table 8. EL characteristics of OLEDs A-C

Device A B C

Emissive laver DACIPN (10 wt.%): | DACIPN (10 wt.%): | DACIPN (10 wt.%):
Y FPDD CzPDD mCBP

Von,V @ 10 cd/m?? | 3.76 3.2 4.3

CCdE/XXb' CBio0, CRa000, | 435 397,317 14.6,13.1, 12.4 23.9,22.4,18.8

PEmax, PE100, PE1000, 36.7,27.8, 17.0 14.8,10.4,7.1 17.5, 14.4,9.6

Im/W ¢

EQEmax, EQElOO,

EQE s % ¢ 21.9,12.1,9.5 8.6, 4.0, 3.7 12.2,6.7,5.6

Peak, nm @ 1000 540 542 526

cd/m

2 Turn-on voltage measured at initial brightness of 10 cd/m2. ° Current efficiency. ¢ Power
efficiency and ¢ External quantum efficiency taken at maximum brightness, at 100 and at 1000
cd/m?. ¢ Wavelengths of the peaks of EL spectra

Devices A—C demonstrated rather high maximum EQE values of 21.9, 8.6 and
12.2%, respectively (Fig. 23, Table 8). Furthermore, devices A and B with the
investigated compounds FPDD and CzPDD as hosts exhibited low turn-on voltages
(Von) of less than 4 V. Whereas, device C, with a commercial host mCBP, showed a
Von value slightly higher than 4 V. The low Von indicates that the OLED energy
structure was selected appropriately, and that there were no noticeable barriers for
charges to overcome.
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Fig. 23. a) Normalised EL spectra and b) corresponding decay curves for devices A—
C. ¢) Current density and luminescence as a function of applied voltage, and d) EQE
plotted against luminescence for devices A-C

Interestingly, device A with FPDD as a host showed nearly twice the efficiency
of the reference device C with mCBP (21.9% vs 12.2%). The disparity in the EQE
values of devices A—C can be explained by the better hosting properties of FPDD
compared to those of CzPDD or mCBP. Apparently, triplets can be harvested more
efficiently by the DACIPN emitter when it is dispersed in the host FPDD than in the
hosts CzPDD or mCBP. Furthermore, significantly longer EL decays were observed
for device A compared to the other two devices (Fig. 23 b), thereby further supporting
the statement of more efficient triplet harvesting.

The findings indicate that the dicyanopyridine derivative with a fluorophenyl
group (FPDD) has a great potential to enhance the efficiency of green TADF OLEDs.
Furthermore, the use of host FPDD extends beyond the green emitters. Considering
its high triplet level of 2.79 eV, the host FPDD can be used for blue emitters that emit
light at wavelengths greater than 450 nm. Based on its HOMO/LUMO values
(6.06/2.95 eV), the host FPDD is suitable for emitters with bandgaps less than 3.11
eVv.
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4.

CONCLUSIONS

4.1. In the course of this study, three types of vertical organic permeable-base light-

emitting transistors (OPB-LETS) — namely orange, blue, and white — were
investigated. It has been demonstrated that the application of the exciplex
emitters in OPB-LETS, utilising a vertical device structure, successfully achieved
high-quality white electroluminescence:
4.1.1.0range Exciplex Development: It has been found that an orange
exciplex could be created by combining a novel blue emitter with donor
material TAPC in equal proportions. This exciplex displayed a minimal
singlet-triplet energy splitting (AEst) of 0.02 eV and exhibited strong
TADF properties. By using this combination in the emissive layer,
previous challenges related to electron injection in OPB-LETs were
overcome, thus marking a significant advancement in material
utilisation.
4.1.2.Performance of White OPB-LETS: The newly developed white OPB-
LETs were shown to achieve a maximum external quantum efficiency
of 2.4%, coupled with a low turn-on voltage of 3.3V and a high
maximum brightness of 300 cd/m?. Additionally, these devices had the
capability to modulate the current density (Jec) and brightness by
adjusting the base voltage (Ves), underscoring the potential of these
synthesised materials to enhance the efficiency and performance of
electroluminescent devices.
4.1.3.Colour Quality: It was observed that the white OPB-LETSs reached
colour rendering indexes ranging from 77 to 93, along with stable CIE
colour coordinates. These results suggest a high colour quality, making
these devices potentially suitable for a variety of lighting applications.
The findings from this study not only further the understanding of TADF

mechanisms in organic emitters but also underscore the practical viability of exciplex-
based white OPB-LETs, paving the way for future innovations in the
electroluminescent technology.

4.2. Further investigations were conducted on a series of newly synthesised donor-
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acceptor-donor (D-A-D) type molecules, specifically, carbazole or acridan-
substituted dibenzo[a,c]phenazines (CzDbp and AcDbp). These molecules were
examined through steady-state and time-resolved spectroscopy, which
highlighted their efficacy in triplet exciton harvesting via both TTA and TADF
mechanisms, along with their excellent emissive and hosting properties:
4.2.1.Photophysical Properties: The photophysical investigation indicated
that CzDbp and AcDbp possess distinct properties that are beneficial
for high-performance electroluminescent applications. These properties
include efficient triplet harvesting through a combination of competitive
TADF and TTA mechanisms, providing a deeper understanding of the
mechanistic pathways that influence the device performance.



4.2.2.Application in OLEDs: Initially, these compounds were tested as
triplet harvesting hosts for the red phosphorescent emitter (pig):lr(acac)
in OLED:s. It has been found that both compounds deliver performance
which is comparable to or better than that of conventional hosts, with
the CzDbp host achieving up to 15.9% of the external quantum
efficiency. Furthermore, when tested as emitters, substantial external
guantum efficiencies of 19.4% and 22.1% were achieved for orange
(AcDbp) and yellow (CzDbp) OLEDs, respectively.

These investigations not only demonstrate the potential of CzDbp and AcDbp
in advanced electroluminescent applications, but also contribute significantly to the
field by showcasing the versatility and efficiency of these materials in high-
performance OLEDs.

4.3. Further investigations were carried out on two types of multiple donor-
substituted dicyanopyridines, where one type included three donors of one kind
(3,6-di-tert-butyl-carbazole) (5a), and the other combined two types of donors
(3,6-di-tert-butyl-carbazole and 3,7-dibromophenothiazine) (5b) within their
molecular structures. These compounds were evaluated as TADF emitters for use
in efficient OLEDs:

4.3.1. TADF Emission: It was observed that the compounds exhibited green
and orange TADF from two distinct intramolecular charge transfer
states. These findings demonstrate the potential of these materials for
use in high-efficiency electroluminescent applications.

4.3.2.Performance Evaluation of Emitters: The emitter designated as 5b,
which features dual TADF, has been found to suffer from non-efficient
excited state relaxation, resulting in low device lifetimes and the overall
low OLED efficiency, achieving only 3.1% of external quantum
efficiency for neat emissive layer-based devices and 5% for doped and
optimised devices. Conversely, emitter 5a, containing only one type of
donor, proved to be significantly more efficient. This emitter not only
delivered relatively long device lifetimes but also achieved a high
maximum external quantum efficiency of 8.1% for neat emissive layer-
based devices and an impressive 25% value for doped and optimised
OLED:s, thereby further signifying that the simpler and more efficient
charge transfer mechanism of normal TADF in 5a leads to its superior
performance compared to 5b, which suffers from the complexity
introduced by dual donor moieties.

These results underscore the critical influence of the donor type and
configuration on the efficiency and stability of TADF OLEDs, contributing valuable
insights into the design of materials for future high-performance electroluminescent
devices.

4.4. Research was also conducted on three derivatives of (1,3-phenylene)bis(2,6-
dimethylpyridine3,5-dicarbonitrile) with different substituents attached to the
phenylene moiety (PPDD, FPDD, and CzPDD) to evaluate their potential as
triplet harvesting hosts for OLED applications:
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4.4.1.Triplet Energy and Charge Transport Properties: It was observed

that all the synthesised compounds exhibited practically identical high
triplet energies ranging from 2.68 to 2.79 eV. These high triplet energies
are essential for effective triplet exciton harvesting and minimising
energy losses through non-radiative decay pathways. Furthermore, high
ionisation potentials (5.7-6.06 eV) along with comparable electron
affinities around 3.0 eV were detected. These properties suggest
effective charge transport mechanisms within the OLEDs, which are
crucial for achieving a high electroluminescent efficiency.

4.4.2. Triplet Harvesting Mechanisms: The investigation revealed that

compounds PPDD and FPDD, which contain phenyl and fluorophenyl
groups, respectively, exhibit HLCT. Conversely, CzPDD, which
incorporates a phenylcarbazole moiety, demonstrated a TADF
mechanism for triplet harvesting.

4.4.3.Performance as OLED Hosts: Further testing involved compounds

FPDD and CzPDD as hosts for a green TADF emitter, DACIPN, in
OLEDs. CzPDD, in particular, showed outstanding hosting
performance, delivering a significant maximum external quantum
efficiency of 21.9%. This performance marks a substantial
improvement over the 12.9% efficiency observed with the conventional
host mMCBP, demonstrating the superior triplet harvesting properties of
the novel host.

These findings highlight the importance of molecular substituents in influencing

the photophysical properties and efficiencies of OLED host materials, thereby
offering insights into the design of more efficient electroluminescent devices.
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5. SANTRAUKA

5.1. Jvadas

Aiskiai prisimenu, kaip pradéjome organinés chemijos kursg mokykloje. Tai
buvo reik§mingas poslinkis nuo paprasto cheminiy lyg¢iy balansavimo iki sudétingy,
anglies pagrindu sukurty grandiniy ir SeSiakampiy Ziedy analizés. Dar nezinojau, kad
Sios pirmosios organinés chemijos pamokos taps pagrindu suprasti sritj, kuri dabar yra
moderniy technologijy priesakyje.

Organiniy puslaidininkiy tyrinéjima skatina jy potencialas ir i§$ukiai. Sios
medziagos, daugiausia sudarytos i§ anglies pagrindu sukurty mazy molekuliy arba
polimery, turi pranaSumy prie$ tradicinius neorganinius puslaidininkius. Jos yra i§
prigimties lankscios, potencialiai pigesnés gaminti ir gali biiti apdorojamos tirpalais.
! Dél tokiy savybiy organiniai puslaidininkiai labai tinka lankstiems ekranams,
dévimai elektronikai ir biologiskai skaidiems jutikliams gaminti. Tai pazymi juos kaip
svarbias dalis elektroniniy prietaisy evoliucijoje link tvaresniy ir universalesniy
technologijy 234,

Taciau organiniai puslaidininkiai taip pat turi trilkumy. Istoriskai jy elektroninés
ir optinés savybés atsiliko nuo neorganiniy puslaidininkiy, daznai pasizyminciy
mazesniu kriivininky mobilumu ir operaciniu stabilumu. *#101112 Sje trikumai kelia
iSnaudoti ir pagerinti $iy organiniy medziagy esmines savybes. Viena i§ daugiausiai
zadanCiy tyrimy krypCiy yra efektyvus eksitony — elektrony ir skyliy buviy
puslaidininkyje valdymas, todél jos yra puikios kandidatés optoelektroninéms
taikymo sritims. >4 Vis délto efektyviai iSnaudoti Siuos eksitonus $viesos emisijai
iSlieka 1i88tkiu. Norint tai pasiekti, tyrinéjami reiSkiniai, tokie kaip termiskai
aktyvuotoji uzdelsta fluorescencijos (TADF), tripleto-tripleto anihiliacija (TTA) ir
hibridizuotas ir vietinis kriivio pernesimas (HLCT). 1516171819 Sje mechanizmai
leidzia konvertuoti tripletinius eksitonus, kurie paprastai neprisideda prie Sviesos
emisijos, ] singletinius eksitonus, kurie skleidzia fotonus, taip pagerinant tokiy
prietaisy, kaip organiniai Sviesg skleidziantys diodai (OLED) ir organiniai §viesg
skleidziantys tranzistoriai (OLET), efektyvumg ir veikimg. 2

Siuo metu vienas populiariausiy  aukito efektyvumo  organiniy
elektroliuminescenciniy prietaisy kiirimo biidy yra triplety surinkimas (angl. triplet
harvesting).!>1"18 Pagal sukiniy statistikg (angl. spin-statistics), singletiniai eksitonai
sudaro tik 25% visos populiacijos, o likusius 75% sudaro tripletiniai eksitonai. % Sis
pasiskirstymas daro triplety surinkimg biiting siekiant efektyviy OLED prietaisy, nes
jprastiniuose visiS8kai organiniuose fluorescenciniuose prietaisuose tik singletiniai
eksitonai gali biiti naudojami fotonams generuoti. *° Triplety surinkimas yra pagrjstas
tripletiniy eksitony, kurie paprastai neskleidzia Sviesos, konvertavimu j singletinius
eksitonus, kurie skleidzia fotonus, taip padidinant teorinj vidinj kvantinj efektyvumag
(IQE) nuo tik 25% iki beveik 100%. 222324

Vienas i§ efektyviausiy Sios konversijos metody yra vadinamas termiSkai
aktyvuota uzdelsta fluorescencija (TADF) kartu su atgaline interkombinacine
konversija (RISC). TADF medZiagos naudoja Siluming energijg ir labai mazg
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energijos skirtumg tarp singletiniy ir tripletiniy lygiy (AEst), kad konvertuoty
tripletinius eksitonus atgal j singleting buseng per RISC, leidziant efektyvig §viesos
emisijg.?2?%2 Tai ypa¢ svarbu kuriant auksto efektyvumo elektroliuminescencinius
prietaisus, nes tada jy gamybai nebereikia naudoti toksisky fosforescuojanéiy
medziagy su sunkiaisiais metalais. TADF efekto pavyzdys yra mélynyjy OLED
prietaisy kiirimas, kurie dabar beveik prilygsta fosforescuojancioms alternatyvoms,
Zymintis reik§mingg pasickimg OLED technologijoje. % Kitas metodas, tripleto-
tripleto anihiliacija (TTA), atsiranda, kai du tripletiniai eksitonai sgveikauja ir vienas
perduoda energija kitam, sudarydamas aukStesnés energijos singleting biisena, kuri
skleidzia $viesg. 2303132 Hibridizuotas ir vietinis kriivio pernes§imas (HLCT) apima
naujovisSkg iSdéstyma, kur molekuliné struktiira skatina sgveika tarp lokalizuoty
suzadinty baseny (LE) ir kriivio pernesimo biiseny (CT). % Si saveika didina tiek
kriivio, tiek energijos pernesima molekuléje, didindama Sviesg skleidziancCiy prietaisy
stabiluma ir efektyvumg. 343°%

eksitony dinamikos valdymas, siekiant iSvengti jy energijos praradimo ir maksimaliai
padidinti Sviesos emisijos efektyvuma, yra nuolatiniai Sios srities mokslininky
rilpes¢iai.?? Medziagy, galin¢iy i$naudoti $iuos mechanizmus neprarandant spalvos
kokybés ar stabilumo veikiant, kiirimas iSlieka pagrindine tyrimy sritimi. Triplety
surinkimo techniky pazanga ne tik skatina vystytis organinés elektronikos sritj, bet ir
remia platesnius tikslus kurti tvarius ir universalius elektroninius prietaisus.
Sumazinant priklausomybe nuo retyjy ar toksiSky metaly ir didinant ekrany bei
apsvietimo energijos efektyvuma, Sios technologijos padeda skatinti aplinkos tvaruma
ir ekonominj efektyvuma, atitinkantj ateities organinés elektronikos poreikius.
peréjimo procesy organiniuose spinduoliuose mechanizmy tyrimas ir optimizavimas,
ypatinga démesj skiriant naujoms medziagoms ir procesams, Siekiant sukurti
patobulintus didesnio efektyvumo elektroliuminescencinius prietaisus.

Siekiant jgyvendinti disertacijos tiksla, buvo suformulueti Sie uzZdaviniai:

* Tirti eksiplekso spinduoliy, demonstruojan¢iy TADF, taikymo baltuose,
organiniuose, pralaidziosios bazés, Sviesa skleidzianCiuose tranzistoriuose (OPB-
LET) galimybe.

» IStirti naujas dibenzo[a,c]fenazino pagrindu sukurtas TADF ir TTA Svytincias
medziagas ir jvertinti jy veikimg geltonai oranziniuose-raudonuose OLED
prietaisuose.

* Ivertinti skirtingy donoro tipy jtakg dicianopiridino pagrindu sukurty TADF
junginiy efektyvumui OLED prietaisuose, ypatingg démesj skiriant prietaiso
optimizavimui ir tarnavimo laikui.

* I8tirti naujy matricy tipo medziagy veiksminguma gerinant TADF OLED
iSorinio kvantinio efektyvuma (EQE), palyginti su komercine matricos medziaga.
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Darbo naujumas

- Buvo pagaminti naujos, vertikalios konfigiiracijos baltg Sviesg
skleidziantys organiniai tranzistoriai (OPB-LET). Pirmi bandymai su Zinomais
eksipleksiniais spinduoliais susidaré su elektrony injekcijos problemomis, kurios
buvo i$sprestos naudojant naujg oranzinj eksipleksus formuojantj spinduolj, 4,6-bis(4-
(9H-karbazol-9-il)fenil)pirimidino-5-karbonitrila (CzPm). Sis mélyny eksitony ir
oranziniy eksipleksy emisijy derinys leido pasiekti didesnio rySkumo ir efektyvumo
baltos $viesos emisija, padidinant spalvy atktirimo indeksg iki 93 ir pagerinant iSorinj
kvantinj efektyvuma (EQE).

- Buvo pasiekta OLED prietaisy pazanga tyrinéjant karbazolu arba akridanu
modifikuotus dibenzo[a,c]fenazinus (CzDbp ir AcDbp) su donoro-akceptoriaus-
donoro architektiira, siekiant iSgauti TADF. Naudojant CzDbp kaip raudonojo
fosforescuojancio spinduolio (piq).Ir(acac) matrica, pasiektas 15,9% EQE ir
sumazintas efektyvumo sumaz¢jimas esant didesniam rySkumui. Kaip TADF/TTA
spinduoliai, CzDbp ir AcDbp leido iSgauti geltonos ir oranzinés spalvy OLED bei
atitinkamai pasiekti 19,4% ir 22,1% EQE.

- Buvo istirti nauji, keletu donory pakeisti dicianopiridino pagrindo
junginiai OLED prietaisams. Junginys 5b pasizyméjo ribotu efektyvumu ir prietaiso
tarnavimo laiku, o junginys 5a — ilgesniu tarnavimo laiku ir jsptdingu maksimaliu
8,1% EQE ne legiruotoms sistemoms ir 25% legiruotoms sistemoms. Tai reiskia
reik§minga pazanga TADF OLED dizaino srityje.

- Buvo pristatyti trys elektronus transportuojantys puslaidininkiai, pagristi
3,5-dicianopiridino pagrindu. Sios medZziagos pasizymi aukstomis tripletinémis
energijomis ir jonizacijos potencialais. Du junginiai pasizyméjo HLCT tipo emisija,
o treciasis rodé gryng CT emisijg. [Ssiskyré OLED, naudojantis FPDD kaip matrica,
kuris pasieké maksimaly 21,9% EQE, reik§mingai pranokdamas jprastas matricas.

5.2. Paskelbty publikaciju apZvalga

5.2.1.Baltieji vertikaliis organiniai pralaidZiosios bazés Sviesa skleidZiantys
tranzistoriai, gauti maiSant mélynojo eksitono ir oranzinio eksiplekso emisijas

Sis skyrius yra paragytas remiantis publikuotu straipsniu: Journal of Materials
Chemistry C, 2022, 10, 9786 // K. Leitonas, M. Guzauskas, U. Tsiko, J. Simokaitiené,
D. Volyniuk, J. V. Grazulevi¢ius.*

Siame tyrime buvo naudojami termiskai aktyvuotos uzdelstos fluorescencijos
(TADF) eksipleksiniai emiteriai baltos spalvos organiniy pralaidzios bazés
SvieCiantiems tranzistoriams (OPB-LET). TADF medziagos, nepaisant jy didelio
potencialo kaip spinduoliy OLED-ams, retai buvo naudojamos vienos spalvos OLET
prietaisuose. Siame darbe buvo panaudotas naujas bipolinis junginys 4,6-bis(4-(9H-
karbazol-9-il)fenil)pirimidino-5-karbonitrilas  #* (CzPm) OPB-LET gamybai,
pasieckiant maksimaly iSorinj kvantinj efektyvuma (EQE) 2,4% ir baltg
elektroliuminescencija su CIE spalvy koordinatémis (0,34; 0,36) ir spalvy atkiirimo
indeksu (CRI) 93.
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OPB-LET tur¢jo trijy elektrody struktiira, sudaryta i§ dviejy organiniy
daugiasluoksniy daliy (24 pav., b). Pirmoji dalis, tarp virSutinio elektrodo (emiterio)
ir vidurinio elektrodo (bazés), buvo sudaryta i§ C70 elektrony transportavimo ir LiF
elektrony injekcijos sluoksniy “>#3, Antroji dalis, tarp vidurinio elektrodo (bazés) ir
apatinio elektrodo (kolektoriaus), veiké kaip OLED struktura, sickiant efektyviai
generuoti elektroliuminescencija. Prietaisy struktiiros buvo:

e Oranzinis OPB-LET: ITO/MoOs3 [3 nm]/TAPC [80 nm]/PO-T2T [40
nm]/Al [10 nm]/C70 [120 nm]/LiF [2 nm]/Al,

e Mélynas OPB-LET: ITO/MoO;[1 nm]/TAPC [60 nm]/mCP [20 nm]/PO-
T2T [40 nm]/Al [15 nm]/C70 [120 nm]/LiF [1 nm]/Al,

e Baltas OPB-LET: ITO/MoO; [1 nm]/TAPC [60 nm]/CzPm [20 nm]/PO-
T2T [40 nm]/Al [15 nm]/C70 [120 nm]/LiF [1 nm]/Al.

MoQO; ir TAPC sluoksniy buvimas palengvino efektyvig skyliy injekcijg ir
transportavimg i§ ITO elektrodo | Sviesa skleidziancia TAPC/PO-T2T sluoksniy
sgsajg**, todél oranziné elektroliuminescencija turéjo 558 nm  smailg.
Elektroliuminescencijos spektras parodé efektyvy elektrony peréjima per pralaidziaja
bazg, o minimalus srovés nutekéjimas buvo parodytas lyginant kolektoriaus srovés
tankius (Jec) ir bazés srovés tankius (Jes), kurie buvo gerokai mazZesni.

a) qj b) :|'
Emiteris —~— [ Aliuminis
ﬁu@@p
TAPC
Pralaidi :
Q" S @zi? poTzr bazé T
O mCP @

ﬁ I‘. Kolektorlus
' Ul ‘ O (ITO)
O sz

24 pav. Naudojamy junginiy molekulinés struktiiros a), balto OPB-LET prietaiso
principiné¢ struktiiros schema b)

Tyrime buvo matuojamos srovés tankio (Jec) ir emisijos rySkumo variacijos
priklausomai nuo kolektoriaus jtampos (Vec). Bazés jtampa (Veg) buvo kei¢iama tarp
Hjungta® (Ves=4 V) ir ,ijungta® (Ves=0 V) biiseny, atskleidziant ryskius Jec ir
rySkumo verciy skirtumus. Elektrony injekcijos efektyvumas didéjo su kartu su
aukstesne Ves, kas leido reguliuoti elektrony per¢jima per pralaidzigjg baze. Taciau
oranzinio OPB-LET mazas maksimalus EQE (0,17%) rodé, kad reikalinga
efektyvesné emisiné sistema.

Siekiant padidinti efektyvuma, tarp TAPC ir PO-T2T sluoksniy buvo jdétas mCP
tarpsluoksnis, todél buvo matoma meélyna elektroliuminescencija su 478 nm
intensyvumo virsiine. *° Rekombinacijos zona buvo mCP/PO-T2T sluoksniy sasajoje,
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su reikSmingu energijos barjeru, neleidzianciu elektrony injekcijos i§ PO-T2T j mCP.
Nuo jtampos priklausomi srovés tankio grafikai rodé minimaly srovés nutekéjimag per
bazg. Nepaisant nedidelio skaisCio dél zmogaus akies jautrumo mélynai Sviesai,
meélynasis OPB-LET pasieké maksimaly EQE 1,2% (9 lentelé).

9 lentelé. Tirty OPB-LET prietaisy elektroliuminescencijos parametrai

Von, Vv .
OPB- esant Mal<3|malus EQE, EI? . CIE .193%
rySkumas, smailé, koordinatés, CRI*
LET 0,1 2 % CUVx
cd/m2 cd/m nm x;y)
Oranzinis 6,7 30 0,17 558 -
Mélynas 3,6 7 1,2 478 (0,22, 0,31) -
Baltas 3,3 300 2,4 478, 556 (0,34; 0,36) 93

* prie jsijungimo jtampos Von.

Norint optimizuoti prietaisus siekiant geresniy EL savybiy, naujas CzPm emiteris
pakeistas mCP, sukuriant baltg elektroliuminescencijg su auks$tos energijos emisijos
juosta ties 478 nm ir Zemos energijos juosta ties 556 nm. Mélyna eksitony emisija i§
CzPm ir oranziné eksipleksiné emisija i§ CzPm:TAPC sasajos sukiiré balta
elektroliuminescencijg su spalvy koordinatémis (0,34; 0,36), artimomis nattiraliai
baltai spalvai ir CRI, nuo 77 iki 93. Baltas OPB-LET turéjo maziausig jjungimo
jtampa (3,3 V), didziausiag maksimaly $viesuma (300 cd/m?) ir auksciausia EQE
(2,4%).
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25 pav. a) Baltos spalvos eksiplekso pagrindu veikianc¢io OPB-LET EL spektras ir
b) CIE spalvinés koordinatés esant skirtingoms jtampoms; ¢) perdavimo srovés
tankio ir jtampos charakteristikos; d) normalizuotas CzPm:PO-T2T, CzPm ir
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CzPm:TAPC pléveliy PL spektras; e) srovés tankio ir jtampos santykio bei rySkumo
ir jtampos santykio grafikai, kai baziné jtampa Veg yra 5 V; f) srovés, galios ir
iSorinis kvantinis efektyvumas, palyginti su srovés tankiu kolektoriuje Jec. CzPm
eksitony emisijos ir eksiplekso CzPm:TAPC emisijos spalvy koordinatés
pridedamos prie CIE spalvy diagramos b)

CzPm:TAPC eksiplekso TADF savybés buvo patvirtintos fotoliuminescencijos
spektry ir PL skilimo kreiviy tyrimais temperatarose nuo 77 K iki 300 K. Laikinés
skyros EL kreivés patvirtino TADF indélj j oranzing emisijos komponent¢. Baltasis
OPB-LET pademonstravo efektyvia elektroliuminescencija ir aktyvia srovés
moduliacijg, teikianCig perspektyviy galimybiy ateityje jvairiose srityse.

5.2.2.TADF ir TTA emisijos mechanizmai akridano ir karbazolo pakaity
dibenzo[a,c]fenazino pagrindo molekulése: tripletus iSnaudojantys spinduoliai
ir matricos

Sis skyrius yra para$ytas remiantis publikuotu straipsniu: Chemical engineering
journal, 2021, 417, 127902 // V. Andruleviciene, K. Leitonas, D. Volyniuk, G. Sini,
J. V. Grazulevicius, V. Getautis*®.

Sis tyrimas sutelktas j efektyviy TADF ir TTA mechanizmu pasizyminéiy
junginiy, kurie yra Zinomi dél savo stipriai sukty molekuliniy struktiiry, paprastai
turin¢iy nepakankamas kriivinio transportavimo savybes, charakterizavimg ir analize.
Pristatytos naujos medZiagos su dibenzo[a,c]fenazino akceptoriumi, pakeistu C-2 arba
C-7 pozicijose elektronus donuojanc¢iomis karbazolo (CzDbp) arba akridano
(AcDbp) grupémis (26 pav.). Stebétina, bet Sios iSvestinés medziagos parodé TTA ir
jprasta TADF, kas yra pranaSumas kuriant labai efektyvius oranzinés-raudonos
spalvos OLED.

26 pav. Junginiy AcDbp ir CzDbp cheminés struktiiros

AcDbp ir CzDbp jonizacijos potencialai (IP) buvo tiriami naudojant
fotoelektrony emisija (PE) ir cikling voltamperometrijg (CV). PE nustatyti jonizacijos
potencialai abiem medziagoms buvo 5,5 eV, o CV matavimy vertés buvo Siek tiek
mazesnés dél sustiprinty poliarizacijos efekty kietoje biisenoje. Vakuuminio garinimo
metodu paruosty AcDbp ir CzDbp sluoksniy kriivininky transportavimo savybés
buvo analizuojamos naudojant 1¢kio trukmés (ToF) technika, parodydamos gebéjima
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transportuoti tiek skyles, tiek elektronus su kriivinio dreifo mobilumais daugiau nei
10 cm?/Vs esant intensyviems elektriniams laukams.

Fotofizikinés savybés buvo tiriamos analizuojant UV-vis absorbcijos spektrus
tetrahidrodurano (THF) ir tolueno tirpaluose. Sie spektrai atskleidé silpna krvio
pernasos (CT) uodega 400-500 nm diapazone (27 pav.). Fluorescencijos spektrai ir
fotoliuminescencijos kvantiniai naSumai (PLQY) parod¢ Gauso formos emisijos
profilj, rodantj CT biaisenos prigimtj. CzDbp tirpaly PLQY vertés buvo didesnés nei
AcDbp, tikétina dél stipresnio TTA.
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=
AcDbp Toluene| = AcDbp @ CzDbp Toluene
= o 5 >
s 1 THF g 1o £ 10 ——THF
£ E £ Sluoksnis
& % % ~——mCP matricoje
3 c c
0 (7] o
g E £
S 059 g os @ 0s
2 2 2
= Kravio pernasa | 3 Toluene e
£ 3 —— THF £
z E Sluoksnis E
¥ s 5
o . mCP matricoje] = 00
300 0 w0 e s 550 500 500 700 800 500 600 700 800
d) gos ligis, e) Bangos ilgis, nm f) Bangos ilgis, nm
. CzDbp Toluene| & AcDbp —FPL & CzDbp —PL
. . >
G0 —THF & 10 ——PH & 10 —PH
& E PHofDbp| 5
5 £ | 2
e 2 2
a g s
2 £ £
E o . & o5 1,-2.350v & os
= Krivio pernasa | § E
£ o Js,=2.550v = 5,2.52 eV
5 3 5
2 E £
¥ =] S
0. Z 00 z 0.0

“a00 350 500 550 500 800 500 700 800

400 450 600 700 600
Bangos ilgis, nm Bangos ilgis, nm Bangos ilgis, nm

27 pav. AcDbp ir CzDbp UV-Vis sugertis a), d), tirpaly ir pléveliy fluorescencijos
spektrai kambario temperatiiroje b), ¢), THF tirpaly fosforescencijos spektrai 77 K
temperatiiroje e), f)

Singletinés-tripletinés energijy skirtumai (4Est) buvo jvertinti AcDbp ir CzDbp
tirpalams THF esant 77 K (27 pav.). AcDbp PL spektras rodé CT biisenos prigimtj, o
CzDbp fosforescencijos (PH) spektras rodé, kad zemiausia emisijos T1 biisena atitiko
vieting Dbp branduolio suzadinimo (3LE) biiseng. Oro aplinkos ir bedeguoniy tolueno
tirpaly pastoviosios buisenos ir laikinés skyros spektroskopija parodé, kad uzdelsta
fluorescencija kilo i§ CT biisenos, rodant tripletiniy eksitony perémima per TADF.

CzDbp tolueno tirpalai turéjo vieno eksponentinio PL gesimo kreive, rodant tik
greitg fluorescencija, bet po deguonies pasalinimo CzDbp tirpalai pasizyméjo 16%
PLQY padidé¢jimu, rodanciu kitokj tripletiniy biiseny indélio mechanizma. Nuo
temperattiros priklausomi PL spektrai ir PL gesimo kreivés nelegiruotiems ir
legiruotiems AcDbp ir CzDbp sluoksniams rodé padidéjusius PL intensyvumus ir
PLQY kylant temperatirai, kas buvo priskirta TADF (28 pav.).
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28 pav. PL spektrai a), ¢) ir PL gesimo kreivés b), d) nelegiruoty AcDbp ir CzDbp
sluoksniy, kurie buvo i§matuoti skirtingose temperattirose nuo 77 iki 300 K

AcDbp parodé potenciala kaip TADF matricos raudoniems OLED dél savo
krivininky transportavimo savybiy ir pirmosios tripletinés biisenos energijos. CzDbp
turéjo ambipolines kriivinio transportavimo savybes ir didesng PLQY. Abu junginiai
buvo naudojami fosforescencinése OLED (PHOLED), kad parodyty jy tinkamuma
kaip matricos tipo medziagy komerciniam raudonam fosforescenciniam emiteriui
(pig)2Ir(acac). PHOLED prietaisas B su CzDbp kaip pagrindu pasizyméjo geriausiais
rezultatais, ir pasieké maksimaly EQE 9%, palyginti su prietaisu C 8%, kuriam
naudota tradiciné mCP matrica (10 lentelé).
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10 lentelé. Prietaisy A-J EL charakteristikos

a
Prietaisas Emisinis sluoksnis bV\D/\r(;\i\i‘rllg, Cifj'}zx IIDET\;\X/ EQ(imax’
Struktiira: ITO/MoO3/NPB/ Emissive layer /TPBi/LiF:Al
A (pig)2Ir(acac):AcDbp 3,0/3,85 6,3 4,6 6,0
B (piq)2Ir(acac):CzDbp 3,4/4,5 9,0 6,4 9,0
C (piq)2Ir(acac):mCP 4,0/5,2 8,6 5,6 8,0

Struktiira: ITO/HAT-CN/NPB/TCTA/mCBP/ Emissive lay

er /nBPhen/Lig/Al

D (pig)2lr(acac):AcDbp 3,2/5,2 9,8 9,1 13,2
E (pig)2Ir(acac):CzDbp 3,0/4,75 10,3 11,6 15,9
F (piq)2Ir(acac):mCBP 2,9/4,0 11,5 12,9 13,1
G (pig)2lr(acac):NPB 3,2/14,5 6,6 6,7 9,0
H (pig)2lr(acac):nBPhen 4,8/8,7 12,5 8,5 14,6
Struktara: ITO/HAT-CN/NPB/TCTA/mCBP/ Emissive layer /nBPhen/Lig/Al

I AcDbp:mCBP 3,6/6,7 41,6 35,3 19,4
J CzDbp:mCBP 3,7/7,0 54,4 46,2 22,1

3\/on prie 10 cd/m?; ®Vpriving prie 10 mA/cm?,

Optimizuotos jrenginiy struktiiros su pagerintomis krivinio injekcijos savybémis
turéjo geresnes elektroliuminescencijos charakteristikas. Jrenginiai su CzDbp kaip
matrica parodé didziausig maksimaly EQE (15,9%) ir maziausig efektyvumo kritima
kylant rySkumui, palyginti su referenciniais OLED su tradiciniais pagrindais (10
lentelé, 29 pav.). AcDbp ir CzDbp junginiai taip pat buvo iStestuoti kaip spinduoliai
mCBP matricoje ir pasieké netikétai aukstus EQE — atitinkamai 19,4% ir 22,1%.
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29 pav. Prietaisy D-J EL spektrai a); EQE priklausomybé¢ nuo rySkumo, kai AcDbp
ir CzDbp naudojami kaip matricos b) ir kai naudojami kaip spinduoliai c)

Apibendrinant reikia patebéti, kad naujos D-A-D tipo molekulés CzDbp ir
AcDbp, pasizymincios bipoliniu kriivinio transportavimu ir tripletiniy eksitony
perémimu per TTA arba TADF, taip pat daug zadanciais rezultatais. AcDbp ir CzDbp
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demonstravo efektyvy tripletiniy eksitony panaudojima, kas leidzia juos naudoti
aukstos kokybés OLED prietaisuose.

5.2.3.Dvigubo ir jprastinio TADF mechanizmy priklausomybé nuo donoro
pakaity pirimidino junginiuose

Sis skyrius yra paragytas remiantis publikuotu straipsniu: Journal of Materials
Chemistry C, 2021, 9, 3928 // P. Arsenyan, B. Vigante, K. Leitonas, D. Volyniuk, V.
Andrulevi¢iené, L. Skhirtladze, S. Belyakov, J. V. Grazulevi¢ius®®,

Skirtingy donory tipy poveikis daugialypiy donoriniy-akceptoriniy (D-A)
sgveiky efektyvumui TADF junginiuose iki §iol nebuvo nuodugniai istirtas. Siekiant
aiSkumo, Siame tekste vartojamas ,,daugialypiy D-A sgveiky® terminas yra vertinys i$
angly kalbos ,,multiple donor-acceptor interaction, kuris reiskia, kad §iuo atveju
molekulé turi 3 donorinius ir vieng akceptorinj fragmentus. Siame tyrime pristatomi
jvairGs donorai, jtraukti j keliy D-A TADF emiteriy molekuling struktiirg, sukuriantys
labai efektyvius TADF junginius, turinéius dvi arba tris 3,6-di-tert-butil-karbazolo
dalis. Buvo i$samiai apibiidinti du dicianopiridinai su keliais donorais, naudojant
jvairias spektroskopijos technikas. Vienas dicianopiridino pagrindo junginys, 5a, turi
tris tos pacios rusies donory grupes, konkreéiai 3,6-di-tert-butil-karbazola, o kitas, 5b,
turi dviejy tipy donory grupes: 3,6-di-tert-butil-karbazolg ir 3,7-dibromofenotiazing
(30 pav.). OLED, kuriuose buvo naudojamas junginys 5a kaip TADF emiteris,
pasieké maksimaly EQE 25%.

o s

¥ 5y O

30 pav. Cheminés junginiy 5a ir 5b struktiros

Elektrocheminés ir fotofizikinés junginiy 5a ir 5b savybés buvo tirtos naudojant
cikling voltamperometrija (CV) ir fotoelektrony emisijos (PE) spektroskopija. 5a ir
5b junginiy jonizacijos potencialai (IPV) buvo atitinkamai 5,62 ir 5,31 eV.Zemesnis
junginio 5b IP€V dél stiprios elektrony donorinés 3,7-dibromofenotiazino grupés (31
pav., a). UV-Vis, pastovios biisenos ir laikinés skyros fotoliuminescencijos (PL)
spektroskopija atskleidé artimas absorbcijos bangy ilgio smailes (390 ir 396 nm) 5a
ir 5b tolueno tirpaluose (31 pav., b).
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Nelegiruotose 5a ir 5b plévelése buvo pastebimi nestruktiruoti PL spektrai su
smailiy vertémis atitinkamai 502 ir 598 nm (31 pav., b). 5b legiruotoje mCP matricos
pléveléje buvo aptiktas Zemo intensyvumo petys PL
persidengianéias emisijos juostas (31 pav., d).
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31 pav. 5air 5b CV ir fotoelektrony emisijos spektrai a); 5a, 5b junginiy tolueno
tirpaly ir gryny bei legiruoty pléveliy absorbcijos ir emisijos spektrai (suzadinant
bangos ilgiu 350 nm b); tirpiklio poliskumo poveikis 5a c) ir 5b d) junginiy optinei

sugerciai ir PL spektrui tirpaluose, kuriy koncentracija yra apie 10—4 mg/ml; 5b

tolueno tirpalo spektrai laike skirtinguose laiko intervaluose po suzadinimo,

uZregistruoti su skirtingais laiko uzdelsimais €); 5b tolueno tirpalo PL gesimo

kreivé, uzregistruota esant skirtingiems emisijos bangos ilgiams f)
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Solvatochrominiai matavimai suteiké jzvalgy apie organiniy junginiy emisijos
pobidj. 5a junginys turéjo platy emisijos spektrg, demonstruojantj smailés plotj pusés
maksimumo aukStyje nuo 78 nm (heksane) iki 180 nm (DMF), biidinga normaliai
TADF elgsenai. 5b junginys turéjo nestruktiiruotus emisijos spektrus su dviem
placiomis juostomis, besislenkanciomis raudonos spalvos bangos ilgiy kryptimi
did¢jant tirpiklio poliSkumui, rodant dvigubos prigimties TADF emisija. Laiko
iSskaidytos PL matavimai atskyré tiesioginés ir uzdelstos fluorescencijos spektrus,
atskleidziant tris persidengiancias juostas (500, 573 ir 635 nm) 5b junginiui.

5a ir 5b pléveliy PL spektrai ir gesimo kreivés mCP matricoje buvo uzraSyti
esant skirtingoms temperattiroms. Mazi AEst buvo gauti THF tirpaluose 5a ir 5b (0,1
eV ir 0,04 eV) ir 5a legiruotoje mCP plévelgje (0,11 eV). Ilgalaiké 5a ir 5b
fluorescencija buvo identifikuota kaip TADF, nes intensyvumas did¢jo kylant
temperatrai.

Teoriniai skai¢iavimai (TD-DFT), atlikti bendraautorés Dr. Viktorijos
Andrulevicienés, parodé, kad 5a TADF yra susijes su CT peréjimais i§ 3,6-di-tert-
butil-9-fenilkarbazolo grupiy j fenilpiridino-3,5-dikarbonitrilo grupes (S1 — S0), o
dvigubos prigimties 5b TADF mechanizmas atitinka CT peré¢jimus i§ 3,7-
dibromofenotiazino grupiy j fenilpiridino-3,5-dikarbonitrilo vienetus (S1 — SO) ir
piridino-3,5-dikarbonitrilo vienetus (S2 — S0).

OLED buvo testuoti su emiteriais 5a ir 5b legiruotomis ir nelegiruotomis
konfigtiracijomis:

* ITO/M0Os3 [0.6 nm]/NPB [35 nm]/mCP [6 nm]/5a (arba 5b) (30 arba 100
masés %):mCP [25 nm]/TSPO1 [6 nm]/TPBi [35 nm]/LiF [0.6 nm]/Al.

Nelegiruoti ir legiruoti prietaisai n-5a, d-5a, n-5b ir d-5b rodé stabilig Zalig ir
oranzine elektroliuminescencijg esant skirtingoms jtampoms. n-5a ir d-5a prietaisai
turéjo aukstesne jjungimo jtampa nei n-5b ir d-5b, atitinkancig 5a aukstesne I1PPE verte
(6,09 eV), palyginti su 5b (5,95 eV). n-5a ir d-5a prietaisai pasieké maksimaly
Sviesuma daugiau nei 30 000 cd/m?, o n-5b ir d-5b pasieké daugiau nei 3 000 cd/m?2.
EQE n-5a ir d-5a buvo 8,1% ir 11,7%, 0 n-5b ir d-5b buvo mazesni — 3,1% ir 3,2%.

11 lentelé. OLED prietaisy EL parametrai

Prietaisas Von a’ Vv XELb, nm EQEmax, EQEloo, EQEloooc, %
n-5a 49 515 8,1;8,0;7,8
d-5a 4,6 523 11,7;11,1; 10,7
0-5a 3,9 512 25,0; 15,2; 11,8
n-5b 4.4 588 3,1;28;2,6
d-5b 4,3 588 3,2;31;2,7
0-5b 51 582 5;3,5;0,6

3 Ven esant 10 cd/m?. ® Ag. esant 5 V. ¢ EQEmax, EQE10o ir EQE1000 €sant atitinkamai 10,
100 ir 1000 cd/m2,

Mazesnis 5b prietaisy efektyvumas gali bati priskirtas dvigubos prigimties
TADF emisijai ir maZesniems kvantiniams naSumams dél energijos perdavimo per
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viding konversija (IC) i§ Sz i S1. Sis papildomas energijos perdavimas mazina emisijos
efektyvuma ir prailgina emisijos gesima, su 5b rodant PL gyvavimo trukmes,
siekiancias viena milisekunde. Ilga emisijos trukmé padidina eksitony-eksitony ir
eksitony-polarony anihiliacijos tikimybe, mazinant EQE ir prietaisy ilgaamziskumga.

Optimizuota OLED su struktiira:

* ITO/HAT-CN [5 nm]/NPB [40 nm]/TCTA [10 nm]/mCBP [10 nm]/5a (arba
5b) (20 masés %):mCBP [50 nm]/NBPhen [30 nm]/Liq [2 nm]/Al.

Pasické maksimaly EQE — 25% (5a) ir 5% (5b) dél pageréjusios skyliy-
elektrony rekombinacijos (11 lentelé, 32 pav.).
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32 pav. EL spektrai esant skirtingoms jtampoms a) ir b); srovés tankio ir rySkumo
priklausomybé nuo jtampos c); efektyvumo priklausomybé nuo sroves tankio d)
optimizuotuose OLED

Taigi Siame tyrime buvo iStirti du dicianopiridino pagrindo junginiai su
skirtingomis donory konfigiiracijomis. Junginys 5a, pasizymintis jprastinémiss TADF
savybémis, pasieké didelj prietaisy ilgaamziskumg ir maksimaly EQE 25%
legiruotuose ir optimizuotuose prietaisuose. Junginys 5b su dvigubos prigimties
TADF savybémis rodé mazesnj prietaisy ilgaamziskumg ir maksimaly EQE 5%.
Tyrimas parodé, kad trumpesnés PL gyvavimo trukmés gali buti puikus indikatorius,
siekiant bendro OLED stabilumo ir efektyvumo.
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5.2.4. 3,5-Dicianopiridino pagrindo elektronus transportuojantys
puslaidininkiams: nuo dizaino ir sintezés iki efektyviy organiniy Sviesos diody

Sis skyrius yra para$ytas remiantis publikuotu straipsniu: Journal of Materials
Chemistry C, 2023, 11, 28 // K. Leitonas, B. Vigante, D. Volyniuk, R. Keruckiené, P.
Dimitrijevs, T. L. Chiu, J. V. Grazulevi¢ius, P. Arsenyan®,

Siuolaikinis OLED efektyvumas buvo pasiektas dél tinkamy aktyvios emisijos
sluoksnio sistemy matricy. Sios matricos pagerina skyliy ir elektrony rekombinacija,
uztikrindamos kriiviy pusiausvyrg §viesa emituojanciuose sluoksniuose ir
sumazindamos emisijos slopinimo reiskinius. ”® Dauguma OLED matricy turi skyliy
transportavimo arba bipolines savybes, kur skyliy judrumas yra didesnis nei
elektrony. %77 Ta¢iau OLED matricy, galin€iy transportuoti elektronus, pasirinkimas
kol kas yra ribotas. "®

Siekiant i$spresti Sig problema, 3,5-dicianopiridinas buvo pasirinktas kaip
pagrindinis komponentas organiniams puslaidininkiams, kurie palengvina elektrony
transportavimg, kurti. Nors 3,5-dicianopiridino dariniai jau seniai naudojami
farmacijoje 798081828384y naudojimas optoelektroniniuose jrenginiuose islieka
ribotas. Siame tyrime buvo jvertinta 3,5-dicianopiridino dariniy tinkamumas junginiy,
skirty specialiai optoelektronikai, karimui. Buvo istirti trys 3,5-dicianopiridino
dariniai (PPDD, FPDD ir CzPDD) (33 pav.) elektrocheminiais, fotofizikiniais,
elektrooptiniais ir elektroliuminescenciniais metodais. OLED, pagristi TADF
spinduoliu  4,6-di(9,9-dimetilakridan-10-il)isofalonitrilu ~ (DACIPN) ir  3,5-
dicianopiridino matrica (FPDD), pasieké maksimaly EQE 21,9%, kas yra daug
daugiau nei uzfiksuotas efektyvumas su komerciskai pricinamu mCBP pagrindu tomis
paciomis saglygomis.

PPDD

33 pav. Cheminés junginiy PPDD, FPDD ir CzPDD struktiiros

Tyrimas prasidéjo nuo elektrocheminiy PPDD, FPDD ir CzPDD savybiy
tyrimo, naudojant cikling voltamperometrijg (CV). Visi trys dariniai rodé negrjztamus
oksidacijos ir kvazigriztamos redukcijos procesus. Stipresnis karbazolo fragmento

66



elektrony donorinis gebéjimas lémé mazesne IPCY verte CzPDD (5,7 eV), palyginti
su PPDD (5,92 eV) ir FPDD (6,06 eV). Elektrony giminingumo (EA®Y) vertés buvo
panasios Visy trijy junginiy (2,95-2,98 eV). CzPDD junginio plévelé turéjo Siek tiek
didesng IP"E verte (5,94 eV) dél molekuliy sgveikos pléveléje (12 lentelé).

12 lentelé. Elektrocheminiai ir fotoelektriniai junginiy PPDD, FPDD ir CzPDD

parametrai

Junginys 3PV eV PEACY, eV CESP, eV JIPPE, eV *EAPE, eV
PPDD 5,92 2,96 3,74 n/a n/a
FPDD 6,06 2,95 3,83 n/a n/a

CzPDD 5,7 2,98 3,25 5,94 2,69

a IPCV(eV) = Eonset, ox (V) +4.8; b EACY (EV) = Eonset,red(V) +48;°¢ Optinés draustinés quStOS
plocio reikimé, gauta i§ sugerties spektro tiesinés; ¢ IPPE, nustatyta i§ pléveliy fotoelektrony
emisijos ore metodu; ¢ EAPE apskaiciuotas pagal formule: IPPE — E¢%'= EAPE,

UV-Vis absorbcijos ir fotoliuminescencijos (PL) spektroskopijos buvo
naudojamos PPDD, FPDD ir CzPDD fotofizikinéms savybéms apibudinti. PPDD ir
FPDD absorbcijos spektrai buvo beveik identiski, su stipria smaile, mazdaug 280—
290 nm, ir aiSkiai matoma 296 nm peties juosta. CzPDD, turintis fenilkarbazolo
grupe, rodé skirtingus absorbcijos spektrus su auks$tos energijos juosta, piko vertéje
ties mazdaug 290 nm ir maZiau intensyvia juosta ties 333 nm. Intramolekulinis kriivio
perneSimas (ICT) buvo aptiktas tarp karbazolo ir 3,5-dicianopiridino ties bangos
ilgiais vir$ 340 nm (34 pav., a).

Junginyje CzPDD buvo uzfiksuoti minimaliis absorbcijos smailiy pokyciai,
keiciant tirpiklio poliSkuma, kas rodo, kad CzPDD turi santykinai nepoliska
pagrindine energijos biiseng. Taciau suzadintose biisenose buvo pastebéti poslinkiai
raudony bangy ilgiy link CzPDD PL spektruose tirpaluose, esant didesniam tirpiklio
poliskumui (34 pav., a). Organiniy elektroaktyviy junginiy tripletinés energijos yra
svarbios parenkant tinkamas matricas fosforescenciniams arba TADF OLED. PPDD
ir FPDD rodé¢ identiskas tripletines energijas — 2,79 eV, o CzPDD tripletiné energija
buvo 2,68 eV (34 pav., ).
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34 pav. Normalizuoti UV-VIS ir PL a) spektrai pléveliy, tolueno ir THF tirpaly
PPDD, FPDD ir CzPDD su 1x10-5 M koncentracija; tolueno tirpaly PL gesimo
kreivés b); intarpas rodo méginius UV $viesoje. THF tirpaly PPDD, FPDD ir
CzPDD esant 77 K PL ir PH PH spektrai c); PPDD ir FPDD suzadinimo bangos
ilgis (Aex) buvo 300 nm, 0 CzPDD — 340 nm

Praskiesty CzPDD tirpaly PL spektrai tur¢jo reikSminga raudong poslinkj su
emisijos piko bangos ilgiu, besikei¢ian¢iu nuo 439 nm tolueno tirpale iki 560 nm THF
tirpale (34 pav., a). CzPDD plévelés bandinys rodé didziausig emisijos intensyvuma
ties 487 nm, per vidurj tarp tolueno ir THF tirpaly emisijos intensyvumy. PPDD ir
FPDD PL spektrai rodé minimalius emisijos energijos skirtumus istirpinti mazo
poliskumo tirpikliuose (35 pav., a, b). Taciau didelio poliskumo tirpikliuose, tokiuose
kaip DMF ir acetonitrilas, buvo pastebéti reik§mingi poslinkiai link ilgesniy bangy
ilgiy ir spektry i$siplétimas, rodantis galimg krtivio pernesimo (CT) emisija. PPDD ir
FPDD rodé netiesinius Lippert-Mataga grafiky rySius, parodancius hibridizuoty
lokaliy ir kriivio perneSimo (HLCT) buseny savybes.
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35 pav. Normalizuoti praskiesty PPDD, FPDD ir CzPDD skirtingy poliskumy
tirpaly spektrai a), b), ) ir atitinkami Lippert-Mataga grafikai d), e), f), kuriuose
pavaizduota Stokso poslinkio A(v) priklausomybé nuo tirpiklio orientacijos
poliarizuotumo funkcijos A(f)

TADF spinduoliy emisijos efektyvumas smarkiai priklauso nuo matricy
savybiy. PPDD, FPDD ir CzPDD buvo jvertinti kaip galimos matricos labai
efektyviam TADF emiteriui DACIPN. Aukstos tyrinéty medziagy triplety energijos
gali padéti sukoncentruoti tripletiniy biiseny energija i§ DACIPN ir ja panaudoti
emisinei rekombinacijai. OLED prietaisy gamyba buvo atlikta kaip galutinis
eksperimentinio tyrimo etapas. Tyrime buvo nagrinéjamas FPDD ir CzPDD Kkaip
matricy veikimas OLED prietaisams su $ia struktiira (36 pav.):

o ITO/HAT-CN [5 nm]/NPB [40 nm]/TCTA [10 nm]/mCBP [10
nm]/DAcIPN:matrica [50 nm]/NBPhen [30 nm]/Liq [2 nm]/Al.
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36 pav. OLED prietaisy sluoksniy ir energetiniy lygmeny diagrama a) bei
emisiniame sluoksnyje naudoty medziagy cheminés struktiiros b)

13 lentelé. OLED prietaisy A-C EL charakteristikos

Prietaisas A B C

Emisinis sluoksnis DACIPN (10 masés | DACIPN (10 masés | DACIPN (10 masés
%):FPDD %):CzPDD %):mCBP
Von, V @ 10 cd/m? 3,76 3,2 4,3
EQEmax, EQEu0, . . A0 P

EQE 1000, % * 21,9;12,1;95 8,6; 4,0; 3,7 12,2;6,7;5,6
EL smailé, nm prie

1000 cd/m2 540 542 526

amaksimali EQE verté esant 100 ir prie 1000 cd/m? skais¢iui.

Jdomu tai, kad OLED su FPDD kaip matrica turéjo beveik dvigubai didesnj
efektyvuma nei referencinis OLED su mCBP (21,9% ir 12,2%) (13 lentel¢). EQE
verciy skirtumai tarp OLED prietaisy A-C gali buti paaiSkinami geresnémis FPDD
matricos savybémis, palyginti su CzPDD arba mCBP. Akivaizdu, kad tripletai gali
biti efektyviau surenkami DACIPN emiteriu, kai jis yra i§sklaidytas FPDD matricoje,
nei kai jis yra CzPDD arba mCBP.
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Rezultatai rodo, kad dicianopiridino darinys su fluorofenily grupe (FPDD) turi
didelj potencialg pagerinti zaliy TADF OLED efektyvumg. D¢l aukstos tripletinés
energijos (2,79 eV), FPDD taip pat gali biti naudojamas kaip matrica mélyniems
spinduoliams, kurie skleidzia $viesg ties bangos ilgiais, didesniais nei 450 nm.

5.3. ISvados

1. Tyrimo metu buvo istirti trys vertikaliy organiniy pralaidZios bazés $viesa
skleidzianciy tranzistoriy (OPB-LET) tipai: oranziniai, mélyni ir balti. Buvo parodyta,
kad TADF eksipleksiniai emiteriai OPB-LET prietaisuose su vertikalia strukttra
s¢kmingai pasieké aukstos kokybés baltg elektroliuminescencija:

1.1. Oranzinio eksiplekso panaudojimas: Nustatyta, kad oranzinis
eksipleksas gali buti sukurtas derinant nauja mélyng emiterj su donorine medziaga
TAPC lygiomis dalimis. Sis eksipleksas rodé¢ minimaly singletinio-tripletinio
energijos skirtumg (AEst) — 0,02 eV ir stiprias TADF savybes. Naudojant Sig
elektrony injekcija OPB-LET prietaisuose, kas Zzymi reikSminga medziagy
panaudojimo pazanga.

1.2. Balty OPB-LET veikimas: Nauji balti OPB-LET pasieké maksimaly
iSorinj kvantinj efektyvumag — 2,4 %, maza jjungimo jtampa — 3,3 V ir auksta
maksimaly §viesuma — 300 cd/m?. Be to, Sie prietaisai galéjo moduliuoti srovés tankj
(Jec) ir Sviesuma, reguliuojant bazés jtampa (Ves), kas pabrézia panaudoty medziagy
potenciala didinti elektroliuminescenciniy prietaisy efektyvuma ir veikima.

1.3. Spalvos kokybé: Buvo pastebéta, kad balti OPB-LET pasieké spalvy
perteikimo indeksus nuo 77 iki 93 bei stabilias CIE spalvy koordinates. Sie rezultatai
rodo auksta spalvy kokybe, todél tokia konfigiiracija galéty buti tinkama jvairiais
apSvietimo taikymo atvejais.

Sio tyrimo rezultatai ne tik padidina TADF mechanizmy organiniuose
emiteriuose supratimg, bet ir pabrézia eksipleksais pagristy balty OPB-LET
praktiSkuma, atveriant kelig biisimoms inovacijoms elektroliuminescenciniy
technologijy srityje.

2. Buvo atlikti tolesni naujai sukurty donoro-akceptoriaus-donoro (D-A-D)
tipo molekuliy, konkreciai karbazolu arba akridanu pakeisty dibenzo[a,c]fenaziny
(CzDbp ir AcDbp), tyrimai. Sios molekulés buvo tiriamos pastovios biisenos ir
laikinés skyros spektroskopijos metodais, kurie pabréze jy efektyvumag perimant
tripletinius eksitonus per TTA ir TADF mechanizmus bei puikias emisines ir matricy
savybes:

2.1. Fotofizikinés savybés: Fotofizikiné analizé parodé, kad CzDbp ir AcDbp
turi savybiy, kurios yra naudingos auk$to naSumo elektroliuminescenciniams
taikymams. Sios savybés apima efektyvy tripletiniy eksitony surinkima, naudojant
konkurencingus TADF ir TTA mechanizmus, suteikiant gilesnj supratimg apie
mechanizmus, Kurie daro jtaka prietaisy veikimui.

2.2. Taikymas OLED: Pradzioje Sie junginiai buvo isbandyti kaip tripletiniy
cksitonus  surenkan¢ios matricos raudonajam fosforescenciniam emiteriui
(pig)2Ir(acac) OLED prietaise. Buvo nustatyta, kad abiejy junginiy veikimas buvo
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palyginamas su arba geresnis uz tradiciniy matricos tipo junginiy, 0 CzDbp matrica
pasieké iki 15,9 % iSorinj kvantinj efektyvuma. Be to, iSbandant juos kaip spinduolius,
buvo pasiekti reikSmingi iSoriniai kvantiniai efektyvumai — 19,4 % ir 22,1 %
atitinkamai oranziniams (AcDbp) ir geltoniems (CzDbp) OLED.

Sie tyrimai ne tik demonstruoja CzDbp ir AcDbp potenciala paZangiuose
elektroliuminescenciniuose taikymuose, bet ir reikSmingai prisideda prie §ios srities,
parodydami $iy medziagy universaluma ir efektyvuma auk$to naSumo OLED.

3.  Tolesni tyrimai buvo atlikti su dviem keletu donory pakeistais
dicianopiridinais, kur vienas junginys turéjo tris tos pacios rasies donorus (3,6-di-tert-
butil-karbazolas) (5a), o kitas — dviejy tipy donorus (3,6-di-tert-butil-karbazolus ir
3,7-dibromofenotiazing) (5b) ju molekulinése struktiirose. Sie junginiai buvo
vertinami kaip TADF emiteriai, skirti efektyviems OLED:

3.1. TADF emisija: Buvo pastebéta, kad junginiai rodé Zalig ir oranZing
TADF tipo emisija i§ dviejy skirtingy intramolekuliniy kriivio pernesimo biseny. Sie
rezultatai pazymi $iy medziagy potencialg biiti panaudotoms auks$to efektyvumo
elektroliuminescenciniuose prietaisuose.

3.2. Spinduoliy savybiy vertinimas: Spinduolis, paZymétas kaip 5b,
demonstruojantis dvigubos prigimties TADF, buvo pripazintas kaip neefektyvus dél
neefektyvios suzadintos biisenos relaksacijos, pasireiskiant trumpais prietaisy
gyvavimo laikais ir bendrai mazu OLED efektyvumu, pasiekianciu tik 3,1 % iSorinio
kvantinio efektyvumo nelegiruotuose ir 5 % legiruotuose bei optimizuotuose
prietaisuose. PrieSingai, emiteris 5a, turintis tik vieno tipo donorus, pasirodé esas daug
efektyvesnis. Sis spinduolis ne tik suteiké santykinai ilga prietaiso tarnavimo laika,
bet ir pasieké auksta maksimaly iSorinj kvantinj efektyvuma — 8,1 % nelegiruotuose
prietaisuose ir jspadingus 25 % legiruotuose bei optimizuotuose OLED. Galima teigti,
kad dviejy tipy donorai (5b) sioje konfigtiracijoje yra nenaudingi, nes sukdré antrinius
krtivio pernaSos kanalus, todél patyré sunkumy tiesioginiame kravininky relaksacijos
procese, didele dalj energijos atpalaidavo nespinduliniu bidu. O spinduolis 5a turi
vieng kriivio pernasos kanalg tarp donoro ir akceptoriaus, dél to eksitonai
panaudojami daug efektyviau.

Sie rezultatai pabrézia kritine donoro tipo ir konfigiiracijos jtaka TADF OLED
efektyvumui ir stabilumui, suteikdami vertingy jzvalgy apie medziagy dizaing
biisimiesiems auksto naSumo elektroliuminescenciniams prietaisams.

4. Tyrimai taip pat buvo atlikti su trimis (1,3-fenileno)bis(2,6-
dimetilpiridino-3,5-dikarbonitrilo) dariniais, turin¢iais skirtingus pakaitalus fenileno
dalyje (PPDD, FPDD ir CzPDD), siekiant jvertinti jy potencialg kaip tripletinius
eksitonus isnaudojancias matricas OLED prietaisams:

4.1. Tripletiné energija ir kriivinio pernesimo savybés: Buvo pastebéta, kad
visi junginiai turéjo praktiskai identiSkas aukstas tripletines energijas, svyruojanéias
nuo 2,68 iki 2,79 eV. Sios aukstos tripletinés energijos yra biitinos efektyviam
tripletiniy eksitony surinkimui ir energijos nuostoliams per neradiacinius gesimo
kelius mazinti. Be to, buvo nustatyti auksti jonizacijos potencialai (5,7-6,06 eV) kartu
su panasiais elektrony giminingumais apie 3,0 eV. Sios savybés rodo potenciala biti
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efektyviems kriivinio perneSimo mechanizmams OLED, kurie yra biitini aukStam
elektroliuminescenciniam efektyvumui pasiekti.

4.2. Triplety surinkimo mechanizmai: Tyrimas atskleidé, kad junginiai
PPDD ir FPDD, turintys atitinkamai fenily ir fluorofenily grupes, , rodo hibridizuotos
ir lokalios kriivio pernasos (HLCT) savybes. O CzPDD, kuriame yra fenilkarbazolo
grupé, demonstravo TADF mechanizma tripletams perimti.

4.3. OLED matricy efektyvumas: Tolimesni bandymai apémé FPDD ir
CzPDD junginiy kaip matricy naudojima zaliam TADF emiteriui DACIPN. Junginys
CzPDD puikiai pasirodé kaip matrica, leisdamas pasiekti reik§minga maksimaly
iSorinj kvantinj efektyvumg — 21,9 %. Sis rezultatas labai pagerina 12,9 %
efektyvuma, nustatyta su tradicine matrica mCBP, tik dar labiau pabrézia puikias
naujosios matricos triplety surinkimo savybes.

Sios i§vados pabrézia molekuliniy pakaity, jtakojanéiy fotofizikines savybes ir
OLED matricy efektyvuma, svarba bei suteikia jzvalgy, kaip kurti efektyvesnius
elektroliuminescencinius prietaisus.
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White vertical organic permeable-base light-
emitting transistors obtained by mixing of blue
exciton and orange interface exciplex emissionsy

Karolis Leitonas, () Matas Guzauskas, Uliana Tsiko, Jurate Simokaitiene,
Dmytro Volyniuk (2 * and Juozas Vidas Grazulevicius (-

In contrast to passive organic devices, such as organic light-emitting diodes and organic solar cells,
which require a transistor in electrical circuits to modulate infout-put signals and/or to reduce parasite
resistivity, organic light-emitting transistors expectedly have the highest market potential of all organic
electronic devices, including for high-density logic applications and novel multifunctional photonic
circuits. In this work, we aimed to develop white organic light-emitting transistors exploiting a vertical
device structure on a permeable base. Before the fabrication of white vertical organic permeable-base
light-emitting transistors (OPB-LETs), orange and blue exciplex-based OPB-LETs were studied using
known exciplex emitters. Due to electron injection problems, these emitters did not show white
electroluminescence in OPB-LETs. When a newly synthesised blue emitter 4,6-bis(4-(9H-carbazol-9-
ylphenyl)pyrimidine-5-carbonitrile (CzPm) with orange exciplex forming ability was used, white
electroluminescence from OPB-LETs was achieved by mixing of the blue exciton and orange exciplex
emissions. Orange exciplex CzPm:TAPC with the photoluminescence spectrum peaking at 558 nm was
characterized by thermally activated delayed fluorescence. The white OPB-LETs demonstrated a
maximum external quantum efficiency of 2.4%, CIE colour coordinates in the range of (0.31, 0.38)-
(0.34, 0.36), and colour rendering index in the range from 77 to 93.

indication systems.” Several single-colour OLETs have been
developed.**”™ To our surprise, information on white OLETs

Light-emitting devices are among the most required and used
devices in human society. Recently, organic light-emitting
diodes (OLEDs) have entered the global display and lighting
markets due to their competitiveness and environmental
reasons.” In most of the applications, OLEDs are utilized in
combination with transistors.® Dual OLED and transistor fune-
tionality is characteristic of organic light-emitting transistors
(OLETs) which have the potential to find applications in fields
such as high-density logic applications, novel multifunctional
photonic circuits, indication systems, advertising lighting,
etc.™ OLET technology can potentially even outperform its
OLED counterpart in terms of device efficiency when the same
set of materials is used.”” Since OLETs may control light-
emission, they can find applications in different fields
including active-matrix displays, variable organic lasers or
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is very limited.' There is one example of a white OLET based
on a planar device configuration.”*” In fact, this OLET configu-
ration has many disadvantages including the main one related
to the emitting area.” In such transistors, only a small part of
the active area is light-emitting. White-emitting single-
component materials with bipolar charge transport properties
reaching very high hole and electron mobilities are required for
getting white planar OLETs with competitive output para-
meters. This task is still quite challenging for the scientific
community. This has resulted in limited information on white
OLETs. There is also one example of a white OLET with an
electrolyte base electrode, which also is not the best candidate
for display and lighting applications."" In contrast, vertical
OLETs have the potential to be used as flexible and transparent
OLEDs having a wide viewing angle, fast response, high bright-
ness, low turn-on voltage, and emission in the optical range
with friendly spectra to human eyes. The single-colour
(blue, green and red) organic permeable-base light-emitting
transistors (OPB-LETs) based on conventional phosphores-
cence OLED emitters show output characteristics comparable
with those of OLEDs.® The potential of OPB-LETs for white

This journal is € The Royal Society of Chemistry 2022
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electroluminescence has not been disclosed yet and this is the
main aim of this work.

In this study, we aimed to develop white OPB-LETs using
exciplex emitters exhibiting thermally activated delayed fluorescence
(TADF). Since the first report on TADF materials as promising heavy-
metalfree emitters for OLEDs," they have been very rarely used in
single-colour OLETs."*** To our knowledge, TADF emitters have not
yet been used in white OLETs. OPB-LETs were developed in this
work using the newly synthesized bipolar compound 4,6-bis(4-{9H-
carbazol-9-yl)phenyl)pyrimidine-5-carbonitrile.'” They showed white
electroluminescence (with CIE colour coordinates of (0.34, 0.36) and
colour rendering index of 93) and maximum external quantum
efficiency of 2.4%. The entire active area (crossing area between
three electrodes) of such OPB-LETS is light-cmitting.

Experimental
Materials

The following commercially available functional materials were
used for the fabrication of OPB-LETs. Molybdenum trioxide

View Article Online
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(Mo0;) was used for the deposition of the hole injection layer,
1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC) was used as
a hole-transporting material, 1,3-bis(9-carbazolyl)benzene
(mCP) was used as an exciplex-forming donor, 2,4,6-tris[3-
(diphenylphosphinyl)phenyl]-1,3,5-triazineis ~ (PO-T2T) was
used as an exciplex-forming acceptor, [5,6]-fullerene-C70
(carbon 70 fullerenes, or C70) were used as electron-
transporting materials, and lithium fluoride (LiF) was used
for the deposition of the electron injection layer (Fig. 1(a)).
These materials were purchased either from Lumtec, Ossila or
Sigma-Aldrich. 4,6-Bis(4-(9H-carbazol-9-yl)phenyl)pyrimidine-5-
carbonitrile (CzPm) was synthesised according to the procedure
described elsewhere.'® Compound CzPm was selected as a blue
emitter taking into account its blue emission with high photo-
luminescence quantum yield (PLQY) exceeding 90% and bipo-
lar charge-transporting properties with a relatively high hole
mobility value of 2.1 x 10 *em?V ! x s and ca. two orders of
magnitude lower electron mobility value of 4 x 10 :

fem? Vvt x
s at an electric field of 3.6 x 10° V em '.'” Photoelectron
spectroscopy was used for the investigation of the charge

injecting properties of the film of CzPm. The values of

1200m

= Vec

Collector (ITO)
Glass

LiF:AI

29

d)

Fig. 1 Molecular structures of the compounds used (a), scheme of the device structure of white (blue} OPB-LETs {b), and equilibrium energy diagrams
for the blue (orange) (c) and white (d) OPB-LETs. The values of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels are given in [eV]. Insets show photos of the blue (c) and white (d) OPB-LETs under absent (b} or applied (c), (d) voltages between the

emitter and the collector.
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5.98 and 2.92 eV were obtained for the ionization potential and
electron affinity of the film of CzPm, respectively.'® Such charge
injecting and charge-transporting properties of the film of
CzPm allowed the application of this compound not only as
an emitter but also as a host in organic light-emitting diodes."
In addition, compound CzPm was characterized by emissive
triplet harvesting by upper-level triplet-singlet intersystem
crossing. It is concluded in ref. 15 that this mechanism of
emissive triplet harvesting may be partly in combination with
the contribution of TADF and/or TTA, although their evidence
is very limited/non-observed. Indium tin oxide (ITO) covered
and pre-patterned glass substrates with ITO resistance of 20 Q
square ™" were purchased from Ossila.

Device fabrication and characterization

The vertical organic permeable base light-emitting transistors were
fabricated by a thermo-vacuum deposition. The structures of the
devices were the following: ITO/M0O;[3 nm}TAPC[80 nm]/PO-
T2T{40 nmJ/Al[10 nm}/C70[120 nm}/LiF[2 nm}/Al (orange OPB-
LET), ITO/MoO;[1 nm}TAPC[60 nm}/mCP{20 nm]/PO-T2T{40 nm}/
Al[15 nm}/C70[120 nm}/Lif[1 nm}Al (blue OPB-LET) and ITO/
MoO;[1  nm]TAPC[60 nm}/CzPm[20 nm}/PO-T2T{40 nm}
Al[15 nm}/C70[120 nm]/LiF{1 nm}/Al (white OPB-LET) (Fig. 1(b)).
In OPB-LETS, the top clectrode LiF/Al functioned as the emitter (E),
the bottom indium tin oxide (ITO) electrode acted as the collector
(C) and the middle Al clectrode served as the permeable base (B).

The permeable base was a pinhole-containing Al clectrode.
This middle Al electrode was covered by a self-passivating AlO,
layer by the procedure described elsewhere.*'® To ensure the
flow of emitter-collector current (Jrc) through the permeable
base, the area of the base was much wider than the area of the
emitter (Fig. 1(b), inset). The active area of the OPB-LETSs, which
is the crossing area between the emitter and collector electro-
des, was 0.45 mm? (Fig. 1(b)-(d), insets). Sixteen samples were
fabricated of one type of orange, blue or white OPB-LET. During
vacuum deposition, the arrangement of the different shadow
masks for the organic, middle and top electrodes has to be
controlled. If there are no problems with the control of the
arrangement, there are no problems with the device
reproduction.

Output and transfer characteristics of the fabricated OPB-
LETs were recorded using Keithley 2400C and Keithley 6517B
source electrometers in combination with the certificated
photodiode PH100-Si-HA-DO together with the PC-Based Power
and Energy Monitor 11S-LINK (from STANDA). Electrolumines-
cence (EL) spectra were recorded using the Avantes AvaSpec-
2048XL spectrometer.

Emission spectra of the exciplexes were recorded using an
Edinburgh Instruments FLS980. Photoluminescence (PL) decay
curves were taken by the same spectrometer using a PicoQuant
LDH-D-C-375 laser (wavelength 374 nm) as the excitation
source. PL quantum yiclds (PLQY) were measured using an
integrating sphere (inner diameter of 120 mm) on an Edin-
burgh Instruments FLS980 spectrometer. To perform PL mea-
surements at different temperatures and under vacuum or an

9788 | J Mater. Chem. C, 2022,10, 9786-9793
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inert atmosphere (N,), an Optistat DN2 liquid nitrogen cryostat
was used.

Results and discussion

The three-electrode-containing structure of the designed OPB-
LETs was based on two parts of organic multilayers. The first
one (placed between the top-electrode E and middle electrode
B) contained just C70 electron-transporting and LiF electron-
injecting layers. The arguments for the selection of the C70
electron-transporting layer were the same as described in the
previously published studies.*'® The second part (placed
between the middle electrode and bottom electrode) played
the role of an OLED structure. Thus, the functions of the
second part were charge injection/transport/recombination
and exciton formation/radiative recombination, which were
expected to result in efficient electroluminescence. The layers
of MoO; and TAPC ensure efficient injection and transport of
holes from the ITO electrode to the light-emitting interface
TAPC/PO-T2T (Fig. 1(c) and (d)). The relatively low energy
barrier between the LUMO-LUMO levels of C70 and PO-T2T
ensures reaching of the interface TAPC/PO-T2T by electrons
from the top electrode (emitter). Because of the very big energy
barriers between the HOMO-HOMO (2.05 eV) and LUMO-
LUMO (1.5 ¢V) levels of TAPC and PO-T2T, the hole-clectron
interaction can lead to the formation of interface exciplexes
between these two molecules. Indeed, yellowish orange EL was
observed from the orange OPB-LETs with the EL spectrum
peaking at 558 nm (Fig. 2(a)). The obtained EL spectrum was
very similar to the PL spectrum of exciplex TAPC:PO-T2T."”

The observed EL proved that electrons can pass through the
permeable base. Fig. 2(b) shows the transfer curves of orange
OPB-LETs which are the current density versus voltage plots
recorded on the collector and base using the electrical connec-
tions schematically shown in Fig. 1(b). Comparison of collector
current densities (/i) and base current densities (/gg) (Jrc 1S
much higher than J;;) shows that the leakage current to the
permeable base was relatively low. The base leakage current
density Juu is lower by more than three orders of magnitude
than Jyc at the same external voltages. This observation
indicates the high insulating efficiency of the self-passivating
AlO, layer (Fig. 1(a)). Collector Jy¢ current density versus col-
lector Ve voltage plots recorded at the different base voltages
Vg for the orange OPB-LET are shown in Fig. 2(c). The trend of
these output curves was the same as those earlier reported for
single-color OPB-LETs.*'® At Vi of 4 V, the turn-on voltage of
6.7 V and the maximum brightness of 30 cd m * were observed
(Fig. 2(d) and Table 1).

To demonstrate the current (EL) modulation effect, the
dependences of the current density fuc: and brightness on
collector voltage Vg were recorded changing Vi in a very
narrow range from 7 to 7.08 V with a small step (Fig. 2(e)).
The brightness in a.u. was collected as the response of the
photodiode. Selection of such parameters of the experiment
(using ultra low voltage step) allowed the recording of these

This journal is @ The Royal Society of Chemistry 2022
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Fig. 2 EL spectrum recorded at 12 V (a), transfer (b) and output {c) current density—voltage characteristics, current density versus voltage and brightness
versus voltage dependences at the base voltage Vi of 4 V (d) and at two states “on" (V3 = 4 V) and “off" (V5 = 0 V) (e), current, power and external

quantum efficiencies versus current density on the collector Ji: (f) for the

orange exciplex-based OPB-LET.

Table 1 EL parameters of orange, blue and white OPB-LETs
Current efficiency Power efficiency External quantum

. [cdA '] [lm w efficiency [%)] . CRI*
OPB- Von [V] at sct 0.1 Max brigh EL CIE 1931 UCS
LETs [edm™?] [ed m™?] Max [nm) coordinates (x, y)* Max
Orange 6.7 30 0.46 0.16 0.17 558 -
Blue 3.6 7 1.75 1.2 1.2 478 (0.22, 0.31) -
White 3.3 300 5.2 4.16 2.4 478, 556 (0.34, 0.36) 93

*At turn-on voltages.

characteristics during ca. 10 s. In the course of the measure-
ments, the base voltage Vi was switched between two states
“on” (Vg = 4 V) and “off’ (Vgg = 0 V). As a result, clear
differences between the corresponding collector current den-
sity Jrc and output brightness were observed at the different Vig
states. In the case of the “on” state, electrons injected from the
emitter electrode can pass through the base electrode followed
by radiative hole-electron recombination (EL) at the interface
of TAPC and PO-T2T (Fig. 1(c)). The efficiency of emitter
electrode electron injection increased with the increase of the
voltage Vip (Fig. 2(c)). This observation means that electrons
passed through the pinhole-containing permeable base can be
controlled by the base voltage Vy. The transport of electrons is
forced by collector voltage Vic. It is affected by the electron

This journal is @ The Royal Society of Chemistry 2022

concentration gradient at pinhole places of the permeable base.
Collector current density Jic observed at Vig of 4 V was higher than
that observed at Vg = 0 V. As a result, different EL brightness was
observed at the different voltages Vgg (Fig. 2(e)). Small amounts of
clectrons can pass through the base electrode at the “off” state. No
injection of electrons from the base was observed. As a result, the
values of collector current density Ji, and brightness simultaneously
decreased (Fig. 2(e)). These values are well reversible when “on” and
“off” states are switched. In the case of the “on” state, higher values
of Ji: and brightness are observed at longer times due to the higher
voltage Vi (7-7.08 V) applied at the collector in comparison to the
initial values of /i and brightness at zero time, and thus at Vi of
7 V. To record current density versus voltage and brightness versus
voltage dependences at the base voltage Vi of 4 V (Fig. 2(d)) and at

J. Mater. Chem. C, 2022, 10, 9786-9793 | 9789
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two states “on” (Vg = 4 V) and “off” (Vi = 0 V) (Fig. 2(e)), we
selected the collector voltage Vi close to the turn-on voltage. The
relatively low on/off ratio was observed due to low collector voltage
Vi selected. Low maximum external efficiency of 0.17% of orange
OPB-LETs suggested replacement of exciplex TAPC:PO-T2T by a
more efficient one. With this purpose, the layer of mCP was
deposited between the layers of TAPC and PO-T2T (Fig. 1(b) and
(c)). Such modification of the structure of the OPB-LET resulted in
blue EL with the intensity peak at 478 nm (Fig. 3(a)). This observa-
tion is in very good agreement with the PL spectrum of exciplex
mMCP:PO-T2T and with the EL spectrum of the OLED based on
emission of the same exciplex."® The hole-electron recombination
zone was at the interface of the layers of mCP and PO-T2T (Fig. 1(c)).
No electron injection from PO-T2T to mCP occurred due to the high
LUMO-LUMO cnergy barrier of 1.1 ¢V at the interface mCP/PO-T2T.
To visualize those barriers, an energy band diagram with the data
for all the studied exciplex-forming compounds is added to the ESIf
(Fig. S1). This energy band diagram is also useful for understanding
the emission colour origin of the exciplexes. This visualization is
also given in Fig. 1(c) and (d). As a result, the EL spectra of the blue
OPB-LET did not contain any additional band which may, for
instance, originate from the TAPC electroplex."”

The transfer current density versus voltage plots (Fig. 3(b))
show that the blue OPB-LET is not characterized by high
current leakages through the base (Jrc > Jgs). Application of
higher voltages to the base leads to higher collector current Jg
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of the blue OPB-LET (Fig. 3(c)). A similar effect was observed for
orange OPB-LET at Vyc = 7 V and Vi = 4 V, and maximum
brightness of only 7 cd m™* was obtained (Fig. 3(d) and
Table 1). Fig. 3(e) illustrates the current and brightness mod-
ulation effect, which is obtained by switching Vg between “on”
and “off” states. Despite low brightness of the blue OPB-LET
observed partly because of low sensitivity of the human eye to
blue light, the maximum EQE of 1.2% was estimated for the
device. For the enhancement of the efficiency of OPB-LETS,
the search for more efficient emitters was performed. When the
newly synthesised blue emitter CzPm was used, white electro-
luminescence was observed for the modified OPB-LET (Fig. 1(d)
and 4(a)).

The high-energy emission band peaking at 478 nm and the
low-energy band with the intensity maximum at 556 nm bands
can be recognised in the EL spectra of the white OPB-LET
(Fig. 4(a)). The band peaking at 478 nm is related to blue
exciton emission of CzPm. The lower-energy band is apparently
related to orange exciplex emission at the interfaces CzPm/PO-
T2T or CzPm/TAPC. To disclose the nature of the emission at
556 nm, PL spectra of solid mixtures CzPm:PO-T2T(50:
50 wt%) and CzPm:TAPC(50:50 wt%) were recorded
(Fig. 5(a)). The blue shift of the PL spectrum of the mixture
CzPm:PO-T2T relative to the PL spectrum of the film of CzPm is
attributed to the solid-state solvatochromism-like process. The
red shift of the PL spectrum of the mixture of CzPm and TAPC
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Fig. 3 EL spectra recorded at different voltages (a); transfer (b) and output (c) current density—voltage characteristics; current density versus voltage and
brightness versus voltage plots at the base voltage Vzg of 4 V (d) and at two states “on” (Veg = 4 V) and “off" (Vgg = 0 V) (e); current, power and external
quantum efficiencies versus current density on the collector Jg. (f) for the blue exciplex-based OPB-LET.
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Fig.4 EL spectra (a) and CIE 1931 colour coordinates (b) observed at the different voltages; transfer (c) and output (d) current density-voltage
characteristics; current density versus voltage and brightness versus voltage plots at the base voltage Vs of 5V {e); current, power and external quantum
efficiencies versus current density on the collector Jec. (f) for the white exciplex-based OPB-LET. The colour coordinates of exciton emission of CzPm
and of the emission of exciplex CzPm:TAPC are added to the CIE colour diagram (b).

with respect to the PL spectrum of the film of CzPm can be
attributed to exciplex formation. Typically, exciplex emission is
characterized by TADF.*" If it is so, more intensive emission
should be observed of exciplex CzPm:TAPC when triplets are
not quenched by oxygen. Indeed, a clear increase of intensity of
exciplex emission of CzZPm:TAPC was observed after evacuation
(Fig. 5(b) and Fig. S2, ESIt). Long-lived TADF was observed for
exciplex CzPm:TAPC due to its small AEg; of 0.02 eV and
activation energy (E,) of 11 meV (Fig. 5(c) and (d)). To obtain
the activation energy E,, the temperature dependences of the
rate of reverse intersystem crossing (kgisc) were fitted using
the Arrhenius dependence kgisc = A x exp(—Ey/kpT), where kg
is the Boltzmann constant and A is the frequency factor
involving the spin-orbit coupling constant (Fig. 5(d)). The
fitting was provided in the range of temperatures from 140 to
300 K where phosphorescence was not observed. In contrast, PL
spectra and PL decays of the film of the mixture of CzPm and
PO-T2T were not sensitive to oxygen (Fig. S3, ESI{).

To provide more details on the TADF properties of exciplex-
forming molecular mixture CzPm:TAPC, its PL spectra and PL
decay curves were recorded at the different temperatures
(Fig. 5(e) and (f)). At 77 K, the curve of decay of exciplex
emission of CzPm:TAPC (marked by red colour) is shorter than
that observed at the temperature of 140 K indicating the
thermal activation process. However, at 300 K, the curve of
the decay of exciplex emission of CzPm:TAPC (marked by

This journal is @ The Royal Society of Chemistry 2022

brown colour) is also shorter than that observed at the tem-
perature of 140 K indicating non-emissive energy loss. This
claim is in agreement with the intensity of the exciplex emis-
sion of CzPm:TAPC, which decreased with the increase of the
temperature from 140 to 300 K (Fig. 5(¢)). A similar observation
for exciplex emission was recently reported and explained by
the undermining of thermal activation by decreasing popula-
tion of triplet states of exciplex-forming moieties/molecules.”*
At 300 K, exciplex emission of CzPm:TAPC was characterized by
PLQY of 11%. Relatively low PLQY of exciplex emission of the
molecular mixture of TAPC and CzPm is caused by the increase
of non-radiative rates of the triplet (k) and singlet (k;,) states
with increasing temperature (Table S1, ESIT). It is difficult to
answer on how to prevent the increase in non-radiative rates
with increasing temperature. Apparently, new exciplex forming
molecular mixtures have to be used to reach better device
performance. The development of such systems will hopefully
be initiated by this study.

To confirm the TADF contribution to the exciplex emission
of the molecular mixture TAPC:CzPm exciplex, we additionally
recorded transient EL curves of blue and orange components of
EL of the TAPC:CzPm based device (Fig. 6). The TADF contribu-
tion of the orange component of the TAPC:CzPm exciplex can
be additionally supported by the long-lived decay curves. At
440 nm, a shortened EL decay curve was observed. Neverthe-
less, the triplet harvesting of the blue component of CzPm

J. Mater. Chem. C, 2022, 10, 9786-9793 | 9791
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Fig. 5 Normalized PL spectra (a) of the films of CzPm:PO-T2T, CzPm, and CzPm:TAPC: PL spectra (b) of the film of CzPm:TAPC recorded in air and
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(c); the rate of reverse intersystem crossing {d) of TAPC:CzPm as a function of temperature. PL spectra (e} and PL decays (f} of the film of CzPm:TAPC
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Fig. 6 Transient EL curves of the TAPC:CzPm based device.

emission was also evident. This observation is related to the
upper triplet singlet intersystem crossing as it is discussed
elsewhere."?

Due to the mixing of blue exciton emission of CzPm and
orange exciplex emission of CzPm:TAPC, the CzPm-based OPB-
LET was characterized by white EL with colour coordinates
close to colour coordinates (0.33, 0.33) of nature white colour
(Fig. 4(b) and Table 1). The recorded EL spectra were character-
ized by colour rendering index (CRI) falling in the range of 77 to
93 (Fig. S4, ESIT). Such high CRI values can be explained by
broad orange exciplex emission with full width at half max-
imum (FWHM) of the spectrum of 130 nm (Fig. 5(a)). With

9792 | J Mater. Chem. C, 2022, 10, 9786-9793

increasing intensity of the blue band with FWHM of 92 nm under
higher voltages, CRI values slightly decreased (Fig. S4, ESIT). For
comparison, we collected the representative parameters of the
known white light-emitting OLETSs in Table S2 (ESIT). In addition,
characteristics of single-colour light-emitting OLETs with a
permeable-base are given in Table S2 (ESIY).

The observation of exciplex emission of CzZPm:TAPC shows that
injected electrons reached the interface of the layers of CzPm and
TAPC due to the relatively low LUMO value of —2.92 ¢V of CzPm
(Fig. 1(d)). The transfer and output current density-voltage char-
acteristics of white OPB-LET were similar to those of the above
described orange and blue OPB-LETs (Fig. 4(c) and (d)). This
observation indicates the similar working mechanism of the white
OPB-LET of single<colour OPB-LETs.® Compared to the orange and
blue OPB-LETS, the white OPB-LET was characterized by a low turn-
on voltage of 3.3 V, high maximum brightness of 300 ¢d m™, and
high EQE of 2.4%. These results can be explained by the TADF
properties of the newly observed exciplex CzZPm:TAPC, and good
charge injecting and charge transporting propertics of the film of
CzPm. The developed first example of a white OPB-LET is a good
starting point for the significant improvement of its characteristics
when more efficient emitters are available.

Conclusions

Three types of vertical organic permeable-base light-emitting
transistors (orange, blue and white) were investigated

This journal is © The Royal Society of Chemistry 2022
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exploiting emissions of interface exciplexes. The exploitation of
the complex of useful properties, such as the formation of an
exciplex exhibiting orange TADF, relatively deep LUMO of
—2.92 ¢V, and hole and electron transport, blue emission
of the newly synthesized compound 4,6-bis(4-(9H-carbazol-
9-yl)phenyl)pyrimidine-53-carbonitrile allowed white electro-
luminescence to be obtained from the vertical organic
permeable-base light-emitting transistor. It showed a low
turn-on voltage of 3.3 V, high maximum brightness of
300 ed m~?, and high external quantum efficiency of 2.4%.

Data availability

The raw/processed data required to reproduce these findings
cannot be shared at this time as the data also forms part of an
ongoing study initially titled as “Triphenylamino or 9-phenyl
carbazolyl substituted pyrimidine-5-carbonitriles as bipolar
emitters and hosts with upper triplet harvesting abilities”."”
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1. Introduction

bstituted dil ph (CzDbp and AcDbp, respectively) were synthesized
g " the donor-acceptor-donor (D-A-D) archi ting thermally activated
delayed fluorescence (TADI) in both cases. Unexpectedly, while experimental microscconds-lived TADIY
behaviour was observed for AeDbp efficiency of which was found to be dependent on environment, CzDbp

ibi ived d by triplet-triplet annihilation (TTA). Theoretical cal-
culations by means of the ®B97XD functional with optimally tuned range separation parameter @, were per-
formed for both lecul their electroch I, optical and
photophysical properties. Using the same emitter and device structure, CzDbp as the bipolar host allowed to
achieve by 12.5% better external quantum efficiency and better roll-off efficiency of organic light-cmitting di-
odes (OLEDs) in comparison to that of OLEDs based on the commercial host 1,3-bis(N-carbazolyl)benzene (mCP).
In optimized OLED structure, deviee based on CzDbp host showed higher external quantum cfficiency reaching
15.9% and lower roll-off efficiency in comparison to that of reference devices containing commercial hosts. This
achicvement can be explained by both the fast ‘I'TA triplet harvesting cnhancing the substantial fluoreseenee
efficiency of CzDbp, and by relatively high charge mobilities exceeding 107 cm”/V-s for holes and 10" em?/V-s
for electrons. CzDbp and AcDbp as TADF/TTA emilters were used, respectively, external quantum efficiencies ol
19.4% and 22.1% for doped yellow and orange devices were achieved. The detailed discussion on TADF
mechanism is presented, and the new “dynamical” state-energy diagram is proposed as the means allowing 1o
better understand the TADF mechanism and the experimental results.

Carbazole or acrida

fluorescend

efficient TADF effect via RISC [4]. Low AEg; can be obtained using

Materials exhibiting thermally activated delayed fluorescence
(TADF) have attracted significant interest in the field of organic opto-
electronics [1]. TADF based organic light emitting diodes (OLEDs) can
achieve 100% internal quantum efficiency (IQE), which can be attained
due to harvesting of triplet excitons through the reverse intersystem
crossing (RISC). Concerning TADF hosts based devices, the energy can
be transmitted to the guest through the Forster energy transfer (FET) to
reach 100% of its utilization [2,3]. It is well known that very small
singlet-triplet energy gap (AEgy) is essential parameter to achieve

* Corresponding authors.

Is with spatially d donor (D) and acceptor (A) units
with dihedral angle between D and A fragments approaching the
orthogonality [5.6]. However, the TADF efficiency is determined not
only by AEgy but also by the spin-orbit coupling (SOC). The drawback of
this architecture is consequently the smallness of SOC, which decreases
in parallel with the decreasing AEgy: due to the unification of the S; and
Ty character when AEgt = 0 (both become of CT nature), their coupling
tends zero as stipulated by El Sayed’s empirical rule [7].

Organic materials emit prompt fluorescence even when AEgy is too
large for getting RISC However OLEDs based on prompt fluorescence
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with a theoretical external quantum efficiency (EQE) of 5% cannot meet
the industrial requirements. TADF was observed even for compounds
with relatively large AEgy, witnessing the complexity of TADF mecha-
nisms [8]. Organic materials with large AEgr have big potential to be
used in OLED technology when they exhibit triplet-triplet annihilation
(TTA) (also co-called triplet-triplet fusion) [9,10], “hot excitons” [11],
or upper level triplet-singlet intersystem crossing [12]. In this case, two
low-energy triplet excitons can be fused to one high-energy singlet
exciton. In case of TTA emitters, the theoretical IQE is 62.5%, corre-
sponding to an EQE of 12.5% of OLEDs [9]. EQE values of over 10%
were reported for TTA OLEDs [13,14].

Both TADF and TTA materials can be used in OLEDs as hosts when
they meet the requirements raised for host including high and balanced
charge mobilities, wide transporting band gap with appropriate HOMO
and LUMO energy levels for charge injection, high optical, thermal and
electrochemical stability [15-17]. Such hosts are used not only for
overcoming of aggregation induced quenching of OLED emitters in solid
state and for ensuring hole-electron recombination within the light-
emitting layer but also for additional triplet harvesting within host
[18]. If appropriate combination of TADF host and conventional fluo-
rescent emitter are used, OLEDs (co-called hyperfluorescent OLEDs)
with 100% theoretical EQE can be fabricated [19 21]. While the
favourable impact of TADF hosts is currently evident, knowledge on TTA
OLED hosts is very limited. In this work, we partly aimed to focus on this
issue. The development of efficient TADF and TTA hosts is not a routine
task since TADF and TTA materials are characterized by highly twisted
molecular structures usually inducing poor charge transporting
properties.

The use of theoretical predictions before synthesis of potential TADF
and TTA materials is essential for saving the developing time and for
getting the required properties. Time-dependent density functional
theory (TDDFT) is a well-established tool to study S and T excited states
of organic molecules. However, TDDFT calculations based on standard
functionals can underestimate the excitation energies of the D-A mole-
cules with the CT characteristics hence strongly impact the pertinence of
theoretical diagrams of state energies. Range-separated exchange (RS)
density functionals with optimally tuned range separation parameter @
were found to perform better in overcoming this problem [22].

Here, we report on new D-A-D compounds with dibenzo[a,c]phen-
azine acceptor [23,24] substituted at its C-2 and/or C-7 positions by
electron donating carbazole or acridan moieties [25,26]. In contrast to
low-molar-mass acceptor groups such as —CFs, —CN, [27], dibenzo[a,c]
phenazine as the acceptor was selected expecting appropriate arrange-
ments between planar dibenzo[a,c]phenazine units in solid films
required for high electron mobility required for efficient OLED hosts
[28]. The compounds were designed as TADF materials, however, con-
trary to the expectations, TTA was observed for the developed dibenzo
[a,c]phenazine derivatives. We should note that Tang et al [29] recently
reported on dibenzo[a,c]phenazine derivatives with the different num-
ber of acridan moieties at C-3 and/or C-6 positions of dibenzo[a,c]
phenazine moiety. These compounds as TADF emitters demonstrated
conventional TADF favourable for the fabrication of efficient orange-red
OLEDs. Neither evidence of TTA nor application as hosts in OLEDs were
previously reported for dibenzo[a,c]phenazine derivatives to the best of
our I led: Since the developed here rated
relatively high mobilities of holes and electrons, they were used not only
as triplet harvesting emitters but also as triplet harvesting hosts. Theo-
retical calculations were performed using ®B97XD functional with
optimally tuned range separation parameter  in order to get insight on
the optical, electrochemical and photophysical properties of the
compounds.

Chemical Engineering Journal 417 (2021) 127902
2. Experimental section
2.1. Materials

In case of OLED fabrications, commercially available molybdenum
oxide (MoOg), I ipt i itrile (HAT-CN), di(1-
naphthyl)-N,N'-diphenyl ~(NPB), tris(4-carbazoyl-9-ylphenyl)amine
(TCTA), 1,3-bis(N-carbazolyl)benzene (mCP), 3,3-di(9H-carbazol-9-yl)
biphenyl (mCBP), bis(1-phenyl-i inoline-C2,N)(acetyl )
iridium(II) (Ir(pig)a(acac)), 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-
1-H-benzimidazole) (TPBi), 2,9-bis(naphthalen-2-yl)-4,7-diphenyl-
1,10-phenanthroline (nBPhen), fluorolithium (LiF), 8-quinolinolato
lithium (Liq) were purchased from Sigma-Aldrich or Ossila and used
as received.

In case of synthesis, 9,10-Phenanthrenequinone (Aldrich), N-bro-
mosuccinimide (Aldrich), o-phenylenediamine (Aldrich), zinc chloride
(Aldrich), 2-chloro-2-methylpropane (Aldrich), bis(tri-tert-butylphos-
phine)palladium(0) (Aldrich), sodium tert-butoxide, (Aldrich), 9H-
carbazole (Reakhim), 9,9-dimethyl-9,10-dihydroacridine (Center for
Physical Sciences and Technology) were purchased as reagent grade
chemicals and used as received. 2,7-Dibromo-9,10-phenanthrenequi-
none, 2,7-dib lib [a,c]ph ine (BDbp) and 3,6-di-tert-butyl-
9H-carbazole were synthesized as reported earlier.[30-32] Thin layer
chromatography was performed by using TLC plates covered with a
silica gel matrix on aluminum backing (Aldrich).

2.1.1. 2,7-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)dibenzo[a,c]phenazine
(CzDbp)

BDpb (0.35 g, 0.8 mmol) and 3,6-di-tert-butyl-9H-carbazole (0.56 g,
2.0 mmol) was dissolved in dry toluene under argon. Then, bis(tri-tert-
butylphosphine)palladium(0) (0.008 g, 0.016 mmol) and sodium tere-
butoxide (0.38 g, 4.0 mmol) was added. The reaction mixture was
heated at 90 “C for 24 h. After cooling to room temperature, the reaction
mixture was added into water and was extracted with chloroform. The
combined organic layers were washed with water and dried over
anhydrous sodium sulfate. After filtration and evaporation, the crude
product was purified by column column chromatography using hexane/
ethylacetate (8/1) as eluent. Compound was obtained as yellow solids in
54% yield. IR (vin cm™ '): 3042 (C-H ar.), 2960 (C-H alk.), 2863 (C-H
alk.), 1491 (C-H alk.), 1477 (C-H alk.), 1295 (C-N), 1263 (C-N). 'H
NMR (400 MHz, CDCl3-dg, 8): 1.43 (s, 36H, CH3), 7.44-7.51 (m, 8H, ar.),
7.75 (dd, J = 6.6 Hz, J = 3.4 Hz, 2H, ar.), 7.96 (dd, J = 8.5Hz, J = 2.2
Hz, 2H, ar.), 8.15 (s, 4H, ar), 8.20 (dd, J = 6.5 Hz, J = 3.4 Hz, 2H, ar.),
8.72(d, J = 8.7 Hz, 2H, ar.), 9.61 (d, J = 2.2 Hz, 2H, ar.). '*C NMR (101
MHz, CDCl3-dg, 8): 32.1, 34.8, 109.4, 116.4, 123.7, 123.8, 124.0, 124.8,
128.6, 130.2, 130.2, 132.1, 138.1, 139.3, 142.5, 143.2. MS (APCl ), m/
z= 835 [M] . Anal calcd for C4gHsgN4: C 86.29; H7.00; N 6.71; found: C
86.29; H 6.86; N 6.98.

2.1.2. 2,7-bis(9,9-dimethyl
(AcDbp)

Compound was synthesized according to the same procedure as
described above for the synthesis of CzDbp, except that 9,9-dimethyl-
9,10-dihydroacridine (0.24 g, 1.1 mmol) was used instead of 3,6-di-
tert-butyl-9H-carbazole. The crude product was purified by column
column chromatography using hexane/ethylacetate (8/1) as eluent. It
was recrystallized from eluent. Compound was obtained as orange
crystals in 43% yield. IR (v in cm’l): 3059 (C-H ar.), 3033 (C-H ar.),
2954 (C-H alk.), 2924 (C-H alk.), 2853 (C-H alk.), 1475 (C-H alk.),
1449 (C-H alk.) 1325 (C-N), 1262 (C-N). 'H NMR (400 MHz, CDCls-ds,
8): 1.74 (s, 12H, CHj), 6.35-6.37 (m, 4H, ar.), 6.88-6.93 (m, 8H, ar.),
7.46-7.48 (m, 4H, ar.), 7.76 (dd, J = 6.3 Hz, J = 2.9 Hz, 4H, ar.), 8.18
(dd, J = 6.5 Hz, J = 3.4 Hz, 2H, ar.), 8.84 (d, J = 8.6 Hz, 2H, ar.), 9.42 (d,
J=2.1Hg, 2H, ar.). ">C NMR (101 MHz, CDCl3-dg, 8): 31.5, 36.1,114.2,
120.8,125.5, 126.5, 129.5, 130.2, 140.9. MS (APCL"), m/z — 695 [M] ™.
Anal caled for CsoH3sN4: C 86.42; H 5.51; N 8.06; found: C 86.56; H

ridin-10(9H)-yDdib [a,c]phenazi
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5.24; N 8.19
2.2. Computational methodology

The density functional theory (DFT) [33] and time dependent den-
sity functional theory (TD-DFT) [34-36] calculations for molecules were
obtained employing the ®B97XD/6-31G(d,p) in gas phase and CPCM/
®B97XD/6-31G(d,p) in solvents where the value of the » parameter was
tuned by considering the effect of the media. Test calculations with the
default ®B97XD and B3LYP functionals were also performed for the
comparison of results. Up to 40 excited states were calculated by

Ghemical ngineering Journal 417 (2021) 127902
Electroluminescence (EL) spectra were recorded by an Avantes AvaSpec-
2048XL spectrometer. The current, power and external quantum effi-
ciencies were estimated utilizing the current density, luminance, and EL
spectra as reported earlier.[38]
3. Results and discussion

3.1. Synthesis

As shown in Scheme 1, we designed and synthesized compounds
with donor-acceptor-donor (D-A-D) architecture composed of dibenzo

considering a band half-width at half- of 0.3 eV obtaining the
theoretical absorption spectra. The calculations of natural transition
orbitals (NTOs) were carried out to visualize molecular orbitals of
selected excited-states. The vertical ionization potentials (IP) were
calculated as energy difference between neutral and cation radical
species at the neutral state geometry. All calculations were performed
with the Gaussian16 software.

2.3. Instrumentation

'H NMR and '*C NMR spectra were obtained of the solutions in
deuterated chloroform (CDCl3-dg) with a Bruker Avance III spectrom-
eter. The data are given as chemical shifts in 5 (ppm) and tetrame-
thylsilane was used as Elemental analysis was performed with an Exeter
Analytical CE-440 elemental analyser, Model 440C/H/N/. an internal
standart. Mass spectra were obtained on a Waters ZQ 2000 mass spec-
trometer. IR spectra were recorded with a Vertex 70 Bruker spectrom-
eter. Elemental analysis was performed with an Exeter Analytical CE-
440 elemental analyser, Model 440C/H/N. Thermogravimetric anal-
ysis (TGA) was performed on a TA Instruments Q50 apparatus at a
heating rate of 20 “C/min under nitrogen atmosphere. Differential
scanning calorimetry (DSC) measurements were performed on a 100 TA
Instruments Q2000 thermal analyser at a heating/cooling rate of 10 °C/
min under nitrogen atmosphere. Optical and photophysical properties of
solutions in THF, TOL and layers of the synthesized compounds were
recorded using a Perkin Elmer Lambda 35 and an Edinburgh Instruments
FLS980 spect Cyclic y (CV) were
carried out using Autolab potentiostat PGSTAT20 in a three electrode
cell using platinum rod as a counter electrode, glassy carbon as working
electrode and Ag/AgNOj as the reference electrode. The experiments
were carried out in dry dichloromethane solution containing 0.1 M
tetrabutylammonium perchlorate as electrolyte at room temperature
under nitrogen atmosphere at a scan rate 50 mV/s. The measurements
were calibrated using the internal standard ferrocene/ferrocenium (Fc/
Fc). The ionization potentials (IPp) of the layers of the synthesized
compounds were measured by the electron photoemission in air method.
[37] Hole drift mobility of the materials was estimated by a time-of-
flight (TOF) method. The samples were fabricated with structures of
ITO/compound/Al. Commercial indium tin oxide (ITO) coated glass was
used as a substrate, which was first cleaned chemically using a bath of
distilled water and acetone. Organic and Al films were sequentially
vacuum-deposited onto precleaned ITO-coated glass sul under

[a,c]ph (Dbp) acceptor core and peripheral aromatic donor
moieties such as 9,9-dimethylacridine (Ac) and 3,6-di-tert-butyl-carba-
zole (Cz). The intermediate compound BDbp was prepared through a
condensation reaction between 2,7-dibromo-9,10-phenanthrenequi-
none and o-phenylenediamine. The Buchwald-Hartwig amination of
BDbp with 3,6-di-tert-butyl-9H-carbazole or 9,9-dimethyl-9,10-dihy-
droacridine in the presence of bis(tri-tert-butylphosphine)palladium(0)
as a catalyst afforded CzDbp and AcDbp, respectively. The t1rget
products were purified by column aphy. Their ch
structures were confirmed by 'H and '*C nuclear magnetic resonance
(NMR), infrared (IR) spectroscopies, mass spectrometry and elemental
analysis.

3.2. Computational details

Theoretical calculations were performed using ®B97XD functional
with optimally tuned range separation parameter in toluene (TOL) and
tetrahydrofuran (THF). Solvents effect was taken into account within the
conductor-like polarizable continuum model (CPCM). The  values were
optimally tuned by minimizing a function J(®), where e;jomo and e umo
denote the energies of the HOMO and LUMO, TP and EA are the vertical
ionization potential and electron affinity of the molecule, respectively:
[39]

J(®) = [enowol@) + IP(@) ] 4 + EA(@)]

o (@)

Calculations using @B97XD (™), wB97XD with w tuned in gas
(©®*) and B3LYP functionals were performed for the comparison of the
obtained results, and the corresponding results are shown in the Annex 1
(Supporting information).

3.3. Geometry and molecular orbitals

Theoretical calculations performed with @ tuned in solvents revealed
that dihedral angles between Dbp and Ac fragments is 90° in AcDbp
(Table 1). While analogous dihedral angle between Dbp and Cz moieties
in CzDbp is affected by the » meaning of ®B97XD functional. Table 1
indicates thnr the dihedral angle D-A obtained with the lower & =
0.0011 A !is ~76° and that calculated with the higher » — 0.0337 A !
is ~61°. The larger dihedral angles in the case of AcDbp are due to the
shorter (C-)H....Dbp distances as compared to CzDbp, in turn stemming
from the hrger C-C-C angle in the six-atom central ring in Ac as

the vacuum of 2-5-10~° mBar using vacuum equipment from Kurt J.
Lesker in-built in an MB EcoVap4G glove box. In the TOF experiments,
charges were generated by a pulsed third-harmonic Nd:YAG laser EKS-
PLA NL300 working at a pulse duration of 3-6 ns and the wavelength of
355 nm. Electric fields were applied by a Keithley 6517B electrometer. A
digital storage oscilloscope Tektronix TDS 3032C was used to record
TOF transients. The drift mobility was calculated by using the formula
[l:dz/ U-ty, where d is the layer thickness, and U the surface potential at
the moment of illumination, and t, is the transit time which was taken
from the TOF transients. A Keithley source meter 2400-C was utilized for
recoding of the current density-voltage characteristics. The current
density-luminance characteristics were estimated using a calibrated
silicon photodiode with the 6517B Keithley electrometer.

c 1 to fi tom central ring in Cz (~122° and ~ 108° respec-
tlvely) The HOMO of AcDbp is distributed on the both peripheral Ac
units, whereas the LUMO is localized exceptionally over the molecule
Dbp core (Fig. 1). The spatial separation of the HOMO and LUMO ap-
pears because of the perpendicular dihedral angles D-A. In the case of
CzDbp, HOMO of CzDbp at " B97XD is localized on the Cz moieties
extending to the Dbp core, while calculations at &'™ B97XD show
HOMO localization on the donor fragments, with less contribution from
the Dbp (Fig. 1). As for LUMO of CzDbp, in both cases it is localized on
the acceptor core.
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BDbp

Scheme 1. Synthetic route for AcDbp and CzDbp.

Table 1

Inter-fragment dihedral angles (degrees), energies of frontier orbitals and ver-
tical ionization polential vahes for componnds AeDbp and CZDbp calcnlated at
the DFT/6-31G**.

@B97XD

T oL oL —
0.0011 A~ 0.0337 A~ 0.0011 A~ 0.0322 A~
AcDbp CzDbp

dihedral 90.1 90.3 75.6 60.7

angle

TIOMO, eV —5.01 ~5.34 ~5.31 ~5.56

LUMO, eV 1.91 1.91

P, oV 4.98 5.28 5.28 5.49

3.4. Ionization potentials and charge mobiliti

The ionization potentials (IP) of investigated materials were esti-
mated using photoelectron emission (PE) method in air (Fig. 51) and
cyclic voltammetry (CV) (Fig. $2). The same IP'F value of 5.5 eV for
AcDbp and CzDbp was found which is larger as compared to the 1PV
values of 5.25 eV and 5.44 eV, respectively (Table 2). The difference
stems from the stronger polarization effects in the solid state (PE mea-

). Additionally, CV/ reveal r peaks of
the compounds which were used to estimate electron affinity (EACV)
values of 3.12 eV for AcDbp and 3.11 eV for CzDbp (Table 2). The
values of EA" were obtained from the IP** values and the optical band

gaps (Eg,“‘"), which were deduced from the edges of the absorption
spectra of the vacuum deposited layers (Fig. $3). The calculated EA™®
value of AcDbp was by 0.24 eV higher than that of CzDbp (2.77 eV and
2.53 eV, respectively). The difference between CV and PE values stem
from not only the environmental polarization effects, but also from the
fact that the optical gap values used in the calculation of EA™F are larger
than the 1P*Y-EA®Y gap by 0.6 eV and 0.64 eV of AcDbp and CzDbp,
respectively, corr ling to the electron-hole binding energy in the
first excited state. In order to extend theoretical investigation of the
compounds, IP™°F values were calculated. The analysis revealed, that
experimental IP°Y values of 5.25 eV and 5.44 eV well coincide with the
values of IP"*" obtained by ™" B97XD of 5.28 eV and 5.49, respec-
tively (Table 1,2).

Charge transporting properties of the vacuum deposited layers of
AcDbp and CzDbp were characterized by time-of-flight (ToF) tech-
nique. ToF current transients with well recognized transit times were

Table 2
lonization potential, clectron affinity and charge mobility data for AeDbp and
CzDbp.

P, E™ BT, Y, EAY, be's

oV oV oV oV Y em?/Vs  em?/Vs
AcDbp 550 273 277 525 312 2410 12107
CzDbp 550 297 253 541 311 3810° 1010

" Charge mobility at 2.02-10° V/em.

K AcDbp \
™ BOIXD @' B97XD

/ CaDbp
@™ BOTXD @™o BOTXD

©=0.0011A" ©=0.03224"

avilok ol

HoMo HOMO

g

©=0.0011A" © =0.0337A"
Howmo HoMo

k i o /

Fig. 1. Geometry and plots of frontier orbitals of AcDbp and CzDbp at BO7XD calculated with @ tuned in THE and TOL.
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recorded applying positive and negative electric fields (Fig. $4). These
results show that solid layers of AcDbp and CzDbp are able to transport
both holes and electrons (Fig. 2a). The layers of compounds showed
charge-drift mobilities exceeding 10° ecm?/Vs at high electric fields
except the electron-drift mobility in the layer of CzDbp which was by
one order of magnitude lower. The lower electron mobility of CzDbp
may stem from the smaller D-A dihedral angle which might result in
larger disorder in packing between LUMO-containing moieties. Com-
pound CzDDbp exhibits flexible D-A dihedral angle ofca. 76° in THF
and of ca. 61" in toluene, which allows for non-negligible pi-orbital
overlaps between donor and acceptor. Meanwhile, AcDbp exhi-
bits constrained angle (of ca. 90° in THF and toluene) because of the
rigidity of acridan moiety which is translated in practically zero overlaps
between donor and acceptor moieties. On the other hand, the impact of
dihedral oscillations is minimal around zero (dihedrals of 90°) as
compared to smaller dihedral angles (faster evolution of overlaps). As a
result, the D-A dihedral angle in the solid-layer of CzDbp can change in
a wider range causing variations in molecular geometry, an increase of
the geometrical randomness component of the energetic disorder [40],
resulting in reduced electron-drift mobility.

In addition, the smaller electron mobility of CzDbp may result from
the tert-butyl substituents of carbazole moieties. Tert-butyl substituents
apparently increase the distance between neighboring CzDbp molecules
in the solid films. The increased intermolecular distance may also reduce
LUMO-LUMO overlapping between neighboring molecules causing dif-
ficulties for electron hoping, thus causing the lower electron mobility of
CzDDbp relative to that of AcDbp containing the same electron-accepting
unit dibenzo[a,c]phenazine but unsubstituted donor moieties.

3.5. Thermal characteristics

AcDbp and CzDbp showed high thermal stability with 5% weight
loss at 480 °C and 453 °C, respectively, as confirmed by thermogravi-
metric analysis (TGA) (Fig. 2b). The morphological transitions of the
p were i d by differential calorimetry
(DSQ). Fig. 2¢ shows DSC heating and cooling curves for AcDbp. This
compound was obtained after the synthesis and purification as the
crystalline substance. It showed two endothermic melting signals at
387 °C and 427 °C during the first DSC heating scan. The cooling and the
second heating scans revealed only a glass transition at 164 “C. In the
heating and cooling scans of CzDbp no signals of melting, crystallization
or glass transition were observed (Fig. S5).

3.6. Photophysical properties

Absorption. The experimental absorbance spectra of AcDbp and
CzDbp were compared with the computed ones at the TD-DFT level with
@™METOL Bo7XD (Fig. 3). The position of theoretical absorption bands of
AcDbp and CzDbp were in good agreement with the experimental ones.
This observation can be related to the improved description of origin of
excitations provided by the optimization of the ®. Analysis of the most
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intense transitions (Table S1) revealed that absorption band at 370 nm
of AcDbp described transition Sy — Sg. In order to identify the nature of
transition, natural transition orbitals (NTO) were calculated which
showed that this absorption band of AcDbp is associated with the local
electronic excitations in Dbp core (Fig. $6). Meanwhile, absorption
band at 350 nm of CzDbp obtained at o™ B97XD and ©'°" B97XD
corresp to the bi of electronic t towards two
excited states of Sg, So and Sz, So, respectively (Table S1). According to
the NTO, Sy — Sg and Sy — Sy are dominated by the charge transfer from
Cz units to Dbp core, with small contribution from the local Dbp exci-
tations, and Sy — Sy is associated only with the local electronic transi-
tions in Dbp core (Fig. 56).

The theoretical results indicate that the six lowest energy transitions
(81-Sg) of AcDbp demonstrate charge transfer (CT) from donors to
acceptor, exhibiting practically zero oscillator strengths due to the
orthogonal geometry of the molecule (Table S1). However, experi-
mental spectra of the solutions in tetrahydrofuran (THF) and toluene
(TOL) exhibit a weak CT tail in the region of 400-500 nm (Fig. 3). This
suggests an increased oscillator strength for the CT states stemming due
to shifted dihedral angle from 90° between Ac and Dbp. While the
lowest energy transitions S;-S4 for CzDbp correspond to the CT between
donors and acceptor giving a small intensity band in the range 450-600
nm (Table S1).

The larger absorption intensity of CT bands in experimental ab-
sorption spectra as compared to theoretical ones can be observed. This
observation can be explained by the smaller dihedral angle D-A of
molecules than the theoretical calculated ones (Fig. 3). The intra-
molecular differences may appear due to some degree of aggregation in
the ground state in solutions. To check such assumption, the absorption
spectra of the different concentrations of AcDbp and CzDbp in TOL and
‘THF solutions revealed increase of intensity of CT bands when concen-
trations of the compounds in solutions increases (Fig. 7). Such differ-
ences revealed presence of aggregates in the solutions. The theoretical
calculations confirmed that oscillator strength of the CT states depends
on the size of dihedral angle D-A. The smaller dihedral angle resulted in
the larger value of oscillator strengths at S, state for AcDbp and CzDbp
(Table S2).

Emission. Fluorescence spectra and photoluminescence quantum
yield (PLQY) of the solutions of AcDbp and CzDbp in the solvents of
different polarity (€'°V - 2.38 and £"M¥ - 7.50) were recorded (Table 3,
4a). Both the compounds exhibited structureless PL profiles, indi-
cating CT nature of the emissive states. This observation is in line with
the nature of the lowest absorption bands in solutions of AcDbp and
CzDDbp. The stronger solvatochromic effect was detected in the fluo-
rescence spectra of the solutions of AcDbp compared to those of CzDbp
because of the dominant CT nature in AcDbp, which is coherent with the
corresponding D-A dihedral angle, hence the purer CT states in the case
of AcDbp as compared to CzDbp. Solutions of CzDbp showed higher
values of PLQY than solutions of AcDbp (Table 3). The values of PLQY of
the solutions in TOL and THF of AcDbp were 2% and 0.5% while those
of the solutions of CzDbp were 37% and 28%, respectively. Again, these
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Fig. 2. Electric field dependences of charge mobilities for the layers (a) of AcDbp and CzDbp, TGA curves of AcDbp and CzDbp (b) and DSC curves of AcDbp (c).
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Fig. 3. Experimental and theoretical absorption spectra of AcDbp and CzDbp.

to the method described in ref. [4]1]. Integrated PL intensities versus
excitation intensities for powders and THF solutions of AcDbp and
CzDbp are plotted in Fig. 4b. The linear fits of these dependences in the

Table 3
Photophysical propert

of AcDbp and CzDbp.

PLQY" 9+ PLQY e, S Ty AEsy, different excitation intensity ranges (9-100% (Fig. 4b) and 24-100%
i v i v (Fig. 4b inset)), revealed the slopes higher than unity displaying
‘THE/TOL/non-doped/ THF/TOL THF contribution of TTA emission [9,10,13,14,41].
AcDbp :;lgyz/ylx??ra 0.6/3 255 235 0.20 The:onsets ofiphotolum (PL):and. phosph (PH)
CaDbp  28/37/15/11/21 44/53 252 298 024 spectra of the solutions of AcDbp and CzDbp in THF recorded at 77 K

were used to estimate singlet-triplet energy differences (AEgy) (Fig. 4a,
Table 3). The PL spectrum of AcDbp exhibited a str 1 1d
with the onset estimated at 2.55 eV (Fig. 4a), indicative of CT nature of

*Mcasured at air condition.

results are in line with the corresponding geometries, the orthogonal D- the emissive state. This observation is in line with the lowest energy
A geometry in AcDbp preventing from any efficient $; — Sy fluorescence band of the corresponding absorption spectra. PH spectrum of AcDbp
in spite of the efficiency of the triplet — singlet conversion efficiency. showed characteristic vibrational structure, indicating that the lowest

Indeed, the theoretical results indicate a dark S; state in the case of emissive T state at 77 K corresponds to the local excitation (*LE) of
AcDbp (zero oscillator strength), as compared to 0.023 for CzDbp  ppyp.core. As for, Both PL and PH spectra of THF solution of CzDbp
(Table $1). exhibited broad and structureless emission indicating CT nature of $;
The measurements of the degassed solutions showed interesting and Ty excited states. Analysis of molecular orbitals of AcDbp and
differences: while solutions of AcDbp showed insignificant increase of CzDbp indicates that for both the compounds, 'CT and *CT occur due to
PLQY, CzDbp demonstrated increase of PLQY by 16% for both the so- transition from donor to acceptor, while *LE transition takes place be-
lutions, which, as we show below, could stem from TTA. To support this tween orbitals delocalized over the Dbp core (Fig. 59, $10).
assumption, the plots of PL intensity versus excitation intensity The experimental estimation of the singlet-triplet energy splitting
(Rexcitation — 400 nm) (Fig. 58) were recorded for powders and THF so- (AEsy) revealed values of 0.24 eV and 0.20 eV for CzDbp and AcDbp,
lutions (0.5 mg/ml) of AcDbp and CzDbp using neutral filters according respectively. The experimental AEgr value for CzDbp is in good
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Fig. 4. R specira and i as well as phosp spectra recorded at 77 K of THE solutions of AcDbp and CzDbp

(phosphorescence spectrum of the solution of Dbp in THF recorded at 77 K is presented as blue line) (a) and plots of integrated PL intensities versus excitation
s for powders and THY solutions of AeDbp and CzDbp (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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agreement with the theoretical vertical AEgy values of 0.20 eV (THF)
and 0.21 (TOL) (Table S2, and Fig. S11). However, for acridan-
containing compound (AeDbp) the theoretical vertical AEg value is
zero (Table $2, Fig. S11). The dichotomy between theory and experi-
ment is also witnessed by the different nature of the corresponding
lowest triplet state. While the experimental emissive triplet state is a
local one of 2.35 eV (PH spectrum in Fig. 4a), the theoretical LE cor-
responds to T3 at 2.33 eV, Ty and Tz being of CT nature (Fig. S10, S11).
Interestingly, the lowest energy absorption band in the experimental
absorption spectrum of AcDbp is a CT one (Fig. 3). A recent report [42]
indicated that THF becomes solid at 77 K and geometric relaxation of the
solvent is no longer possible. This effect was shown to blue-shift the PL
maximum at 77 K by roughly 0.4 eV as compared to room temperature,
which was traced back to the i ion of the emissive CT
state. Following these results, it is possible that CT in AcDbp is not
entirely stabilized by solvent, thus resulting in emission from LE state. In
the case of CzDbp, CT state could be stabilized by the electronic polar-
ization of the adjacent CzDbp molecules [42], given that this compound
was found to form aggregates (Fig. S7).

PL spectra and PL decay curves of the solutions of AcDbp and CzDbp
in TOL and THF were recorded before and after degassing. As shown
in Fig. 5 and Fig. §12, the solution of AcDbp exhibited double expo-
nential decay. The air equilibrated TOL and THF solutions showed
lifeti; of | i P (72) of 362 ns and 420 ns, respec-
tively. Meanwhile, under oxygen free conditions 13 increased to 10946
ns for TOL solution and 2437 ns for THF solution suggesting a radiative
PL stemming from triplet harvesting assumedly through TADF. The
shapes of spectra of il d and d 1 solutions of the
compounds were very similar showing that delayed fluorescence origi-
nated from the same CT state as prompt fluorescence (Fig. 5,811).
Intriguingly, the solutions of CzDbp in TOL and THF exhibited single
exponential PL decays showing only prompt fluorescence (Fig. 5,511).
The solutions of CzDbp exhibited increase of PLQY by 16% after
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deoxygenation. This observation shows that the triplet states do play a
role in the PL of CzDbp, which should consequently be realized through
a channel different from TADF, being as fast as the prompt fluorescence.

Since the delayed fluorescence can be activated by temperature, PL
spectra and PL decay curves of non-doped and doped (10 wt%) in mCP
layers of AcDbp and CzDbp were recorded at the different temperatures
ranging from 77 K to 300 K (Fig. 6, S13, S14). The PL intensities, thus
absolute PLQYs of the layers of both non-doped AcDbp and doped in
mCP increased when the temperature was increased from ca. 220 K to
300 K (Fig. $14) Such increase of PL intensity with increasing temper-
ature can be explained by TADF contribution [1]. However, the intensity
of the decay profile of delayed fluorescence, thus contribution of
delayed fluorescence (tapy), decreases with an increase of temperature
for the layer of non-doped AeDbp (Fig. 6b). Such PL decay behaviour
under different temp es for TADF pounds are not typical and it
is rarely described/discussed in the literature [41,43]. For example, J.
Griine at. el. demonstrated that negative tempemnue dependence of the
lumi decays at i
exciplex-based TADF emitters are mainly related to contribution of TTA
[41]. We found similarities between PL decay behavior under different
temperatures of the layer of AcDbp and temperature-dependent tran-
sient electroluminescence (EL) decays of OLED with emission layer of m-
MTDATA:STPYMB described in ref. 41. Precise fitting of the

d ient EL decays in ref. 41 proved that un-
usual tempemtlue dependent transient EL decays are mainly related to
TTA. Since experimental evidence of TTA was also obtained for com-
pounds AcDbp(CzDbp), the obtained unusual temperature-dependent
PL decays of AcDbp(CzDbp) are also related to TTA emission
mechanism.

To demonstrate more evidences of TADF for AcDbp, from the plots of
RISC rate versus temperature at the temperatures exceeding 200 K (at
which phosphorescence is absent) by Arrhenius equation [44]
(Fig. $15), activation energies (E,) of 72 and 55 meV were obtained for

transient elect ure of
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Fig. 5. PL spectra (left) and PL decay curves (right) of air equilibrated and deoxygenated solutions of AcDbp (a-b) and CzDbp (e-d) in TOL.
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Fig. 6. DL spectra (left) and PL decay eurves (right) of the layers of non-doped AcDbp (a-b) or CzDbp (c-d) recorded at different temperatures,

the layers of non-doped and doped in mCP of 10 wt% AcDbp. Relatively
low E, values and small difference between the values of the layers of
non-doped and doped AcDbp. Such result is in agreement with low AEg;
value for AeDbp (Table 3). Thus, population of the emissive singlet state
via RISC from the triplet state is allowed. Such E, values are in good
agreement with corr ding values of p ly reported TADF
compounds. [45,46]

PL decay curves of the layers of CzDbp, in the temperatures ranging
from 77 K to 300 K revealed only prompt fluorescence. No long-lived
comp i 1 to phosph nce or delayed fluorescence
were detected (Fig. 6d, $13d). No pt )3 ence was experi 1ly
observed neither for the layer of non-doped CzDbp nor for that of doped
10 wt% CzDbp in mCP. It should be noted that the intensity of the PL
decay profile decreases with increasing of temperature for the non-
doped CzDbp because of the TTA as it was mentioned above (Fig. 6d).
For CzDbp, no delayed fluorescence was recorded. The reasons are
additionally discussed in the section “Mechanistic considerations™.

3.7. Electroluminescent properties

Compound AcDbp has potential as TADF host for red OLEDs taking
into account its charge-transporting properties, energy of first triplet
level, and ability to exhibit TADF. On the other hand, CzDbp showed
ambipolar charge-transporting properties and higher PLQY than AcDbp.
Consequently, both AcDbp and CzDbp were use in PHOLED, in order to
demonstrate their suitability as host materials for a commercial red
phosphorescent emitter (piq).Ir(acac). The analogous PHOLED based on
well-known host mCP was also fabricated for comparison. All functional
layers in the fabricated PHOLEDs were the same except light-emitting
layers. Three devices with the configuration ITO/ MoOj3 (0.6 nm)/NPB
(30 nm)/5 wt% (piq)2Ir(acac): AcDbp or CzDbp or mCP (20 nm)/TPBi
(70 nm)/LiF (0.8 nm):Al fabricated using hosts AcDbp, CzDbp or mCP
were named as devices A, B, or G, respectively (Fig. 7, Table 4).

PHOLED:s A, B and C showed classical (piq),lr(acac) emissions with
the peak wavelength of 623 nm (Fig. $16). Only the emission of phos-
phorescent emitter was observed in electroluminescence spectra of de-
vices A and B, manifesting complete energy transfer from host to (piq),Ir
(acac). In the case of PHOLED C, additional weak emission in the range
350-500 nm is detected since the mCP host is not the best host for the
selected red phosphorescent (piq)zlr(acac). As it will be discussed
below, no additional bands were observed when a more appropriate host
was selected for the reference device (Fig. 8a,520-24).

Devices A and B exhibited lower turn-on voltage (V,y,) compared to
that of device C indicating excellent electron and hole injection
(Fig. 517). The best curent y (CEmax);
power efficiency (PEp,y) and external quantum efficiency (EQEy;ay) was
demonstrated by device B with CzDbp as a host (Fig. $18). Higher
EQEj,ax of 9% was obtained for CzDbp-based PHOLED B in comparison
to EQE,.x of 8% observed for the reference mCP-based device C.
Knowing that mCP is one of the best conventional host, the result is
exciting and is apparently related to the additional triplet harvesting by
host via TADF or TTA. To further study EL characteristics of devices A-C,
brightness versus current density were plotted in log-log scales. Two
different linear regions can be recognized and linearly fitted (1 > R? =
0.98) (Fig. 7 b-d, $19). At low current density, the slope of ca. 1 (1.013)
was obtained for mCP-based device C, which is typically expected for
conventional fluorescent and phosphorescent OLEDs where one photon
is created by recombination of one exciton.[47] However, despite the
same emitter used, the slopes higher than unity were obtained for de-
vices A and B at low current density (Fig. 7b,c). This result points to
some contribution from the TTA mechanism, given that harvesting of
100% of triplets by means of the TTA with the slope reachi
the value of 2.[13,48,49] This observation indicates that electrolumi-
nescence of devices A and B is related to both emission of the (piq),Ir
(acac) and h by TTA h It should be
noted, that TTA efficiency of host CzDbp should be higher than that of
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(lable 2). Lincar fits to current density versus brightness plots for devices A-C (b-d).

Table 4

EL parameters of the devices A-J.
Device Emissive layer Von/*Vouviug V CEcd/A P, I/W EQEpa0% CIE 1931(x, ¥)
Host tests using structure: [TO/MoO,/NPB/ Emissive layer /TPBi/LiF:Al
A (piq)Tr(acac):AcDbp 3.0/3.85 63 4.6 6.0 (0.658, 0.340)
B (piq)alr(acac):CzDbp 3.4/45 9.0 6.1 9.0 (0.
c (piq),Ir(acac):mCP 2.0/5.2 86 5.6 80 (0,633, 0.329)
Hosl tests using structure: ITO/HAT-CN/NPB/TCTA/mCBP/ Emissive layer /nBPhen/Liq/Al
D (piq)Tr(acac):AcDbp 3.2/52 9.8 9.1 13.2 0.671, 0.324)
E (piq)aIr(acac):CzDbp 3.0/4.75 10.3 11.6 15.9 0.677, 0.32)
F (piq)Ir(acac):mCBP 2.9/4.0 1.5 12.9 13.1 (0.674, 0.322)
G (pig),Ir(acac):NPB 3.2/45 6.6 6.7 9.0 (0.665, 0.32)
H (piq)Ir(acac):nBPhen 4.8/8.7 12.5 8.5 146 (0.677, 0.318)
Emitter tests using structure: TTO/HAT GN/NPB/TCTA/mGCBP/ Emissive layer /nBPhen/Liq/Al
1 AcDbp:mCBP 3.6/6.7 1.6 194 0.513, 0.479)
J CzDbp:uCBP 3.7/7.0 54.4 46.2 221 (0.395, 0.578)

* Vo was taken at 10 cd/m? ™

host AcDbp. The corresponding slope (1.299) of device B is higher than
that (1.191) of device A.

At high current density, the slopes of all devices A-C were lower than
unity which is related to the efficiency roll-off (Fig. 7b-d, $19). Effi-
ciency roll-off of devices A and B was lower (the slopes are closer to the
unity) than that of device C. This observation additionally highlights

s Was taken at 10 mA/em? “CIE (x,y) was taken 1000 cd/m?.

higher efficiency of the developed TADF/TTA hosts in comparison to the
conventional mCP.

With the aim of additional optimization of device structure, five
devices with the configuration ITO/HAT-CN(5 nm)/NPB(40 nm),/TCTA
(10 nm)/mCBP(10 nm)/ 5 wt% (pig),lr(acac): AcDbp or CzDbp or
mCBP or NPB or nBPhen (50 nm)/nBPhen (30 nm)/Liq(2 nm)/Al were
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fabricated using hosts AcDbp, CzDbp, mCBP, NPB, or nBPhen and
named as devices D, E, F, G or H, respectively (Fig. 8, Table 4). EL
spectra recorded at the different voltages of PHOLEDs D-H were
completely related to (piq),Ir(acac) emissions (Fig. 8a, $20-S24). Due to
improved charge-injecting properties, (piq)zIr(acac)-based devices D-H
exhibited imps d out-put electr i characteristics. Device E
fabricated using the developed host CzDbp, demonstrated the higher
maximum EQE (15.9%) in comparison to the reference devices F-H
containing mCBP, NPB or nBPhen as hosts (Fig. 8b, $20-824, Table 4).
The differences between EQE values of device E and F-H are related to
either their different charge-balance factors (y), efficiency of exciton

production (%), PLQY or the pl (Mour) ling to
the formula [48]
EQE =y x PLQY X 7 X f],y, 1)

Since the thicknesses of all functional layers and device structure of
OLEDs D-H was the same, their outcoupling efficiency should be similar.
It should be noted that the layers 5 wt% solid solutions of (piq)zlr(acac)
in mCP, NPB or nBPhen (9, 15, or 7%, respectively) showed slightly
higher PLQY values than 5 wt% solid solutions of (pig),lr(acac) in
AcDbp and CzDbp (7 and 8%, respectively) (Fig. S25). The different
PLQYs of (pig)lr(acac) can be related to higher polarity of
donor-acceptor-donor type hosts AcDbp and CzDbp hosts than that of
electron donating hosts mCP, NPB and electron-accepting host nBPhen.
Thus, the higher maximum EQE of device E is not related to the higher
PLQY of the light-emitting layer of 5 wt% solid solution of (piq)2Ir(acac)
in CzDbp. It should be noted that the values of PLQYs recorded for
(piq)alr(acac) dispersed in the different hosts are lower than the previ-
ously reported PLQY (20%) of the same emitter [50]. Such differences
were apparently obtained since the above PLQYs were taken under air
conditions. In any case, the obtained PLQYs should not be used for the
calculation of the theoretical maximum EQE for (piq),lr(acac)-based
devices by formula (1). It is known that, in case of phosphorescent
emitters, low PLQYs (thus, disagreement between the theoretical and
experimental maximum EQEs) can be obtained if quantum yields of
singlet — triplet conversion (STC) efficiency of phosphorescent com-
plexes are below 100%, which is a typical case [51]. Apparently,
because of that, experimental EQE of 22.6% was reached for (piq)alr
(acac)-based devices despite experiment PLQY of 20% recorded for the
emitter (piq)alr(acac) [50,52]. Therefore, one of the highest experi-
mental EQE values reported for (piqg),lr(acac) based devices which
reached 22.6% was selected for the comparison with EQE values of our
devices [52]. For example, device E demonstrated EQE of 15.9% which
is not far below of that observed for the previously published (piq),Ir
(acac) based devices. To provide comparison of characteristics of AcDbp
and CzDbp based devices with the reference devices, the concentration
of (piq),lIr(acac) dopant of 5 wt% in light-emitting layer was selected. It
is predictively possible to improve the efficiency of AcDbp and CzDbp

10

based devices when the concentration of the (piq),lr(acac) dopant or/
and thicknesses of additional layers are optimised.

Both charge-balance factors and efficiency of exciton production can
be responsible for high EQE of device E. The TOF experiment showed,
that the balance of hole and electron transport in the host AcDbp should
be even better than that in CzDbp. However, device D did not show
higher maximum EQE value than device E (Fig. 8b). The balance hole
and electron transport of devices F-H should be also good. Taking into
account the similarities/differences of hole-electron balance, the high
efficiency of device E is partly attributed to harvesting of triplet excitons
not only within phosphorescent emitter (piq)slr(acac) but also within
the host CzDbp due to its TTA/TADF properties. Thus, the higher effi-
ciency of device E is partly attributed to the higher efficiency of exciton
production in comparison to that of the similar/reference devices D, F-
H.

Not only compound AcDbp but also compound CzDbp are charac-
terized by TADF. Thus, both the compounds are characterized by media
dependent combination of TADF and TTA. TADF of compounds AcDbp
and CzDbp is evident from very high maximum EQEs of 19.4 and 22.1%
observed for devices I and J based on the light-emitting layers AcDbp
(20 wt%):mCBP and CzDbp(20 wt%):mCBP in which AcDbp or CzDbp
were used as emitters in the same device structures as those of devices D-
H (Fig. 8c, Table 4). Experimental maximum EQEs of 19.4 and 22.1%
observed for devices I and J respectively are not in agreement with the
theoretical maximum EQEs (2.4 and 6.3%, assuming fjoy of 0.3) esti-
mated by formula (1) using PLQYs of 8 and 21% of the light-emitting
layers AcDbp(20 wt%):mCBP and CzDbp(20 wt%):mCBP, respectively
(Table 3). This disagreement can be related to the possible loss mecha-
nisms when the TADF molecules are optically excited as it was discussed
in [53]. Devices I and J showed orange and yellow electroluminescence
with CIE1931 colour coordinates of (0.513, 0.479) and (0.395, 0.578),
respectively (Fig. $26, $27, Table 4). EL spectra were completely
related to emissions of AcDbp or CzDbp indicating that hole-electron
recombination took place within the light-emitting layers.

3.8. Mechanistic considerations

The triplet harvesting in AcDbp and CzDbp systems occurs by means
of different either TADF or TTA mechanisms.

Static diagrams. In order to understand these differences, we focus
first on the TADF mechanism. Following Adachi[54] and Gibson[55],
energy diagrams representing only a selected set of excited states of
AcDbp and CzDbp are shown in Fig. 9a,b. The energy of SLE for AcDbp
(2.35 eV) was taken from the PH spectrum of the solution in THF at 77 K.
Below, we consider that this energy value remains roughly similar in the
case of the films of pure and doped in mCP AcDbp. Note that *LE energy
level of AeDbp (in THF at 77 K) is below 1CT and *cT energy levels of
AcDbp doped in mCP (2.56 eV and 2.53 eV, respectively), but is
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dihedral vibrations |56,57,58] in AcDbp (¢) and CzDbp (d).

between 'CT and *CT of non-doped AcDbp (2.39 eV and 2.26 eV,
respectively). Based on these diagrams (Fig. 9a), interpretation of the
delayed fluorescence in AcDbp seems to be straightforward: while
mixing of *CT with *LE by means of IC makes the symmetry allowed
3LE—CT 11SC more efficient, the AEst(°LE-'CT) values seem to be very
different depending on the conditions, adopting a relatively large upper-
limit value of 0.21 eV for AcDbp doped in mCP, but much smaller (0.04
eV) for the pure d (Fig. 9a). C 1y, TADF should be of
different efficiencies for the layers of molecular dispersion of AeDbp in
mCP and for the layer of pure compound, which seems to be incoherent
with the close values of PLQY of 3 and 4% respectively. A possible and
partial explanation could stem from the practically orthogonal geometry
of this d: the prompt fl is very i i differ-

crucial insight that ISC or rISC processes cannot be explained in a static
frame; dynamical processes through the dihedral-angle oscillations,
which are by several orders of magnitude faster than ISC or rISC, were
shown to be a key factor determining the TADF efficiency.[56,57,58]
Indeed, the dihedral-angle oscillations and deformations around the D-A
bond at excited states allow exploration of ensemble of conformations
reachable at room temperature.

In addition to these findings, we suggest that the impact of these
oscillations and deformations is the mixing between states: the nature of
T, can change from pure CT to a mixed LE-CT state or vice-versa. This
creates “new” excited states at intermediate energies between ‘“static”
3CT and *LE states, which are absent in the static-frame energy diagrams
(deduced from the onset excitation energies). Fig. 10a,b show the

ences in TADF efficiency should be of secondary importance with
respect of the total emission (prompt FL + TADF).

In the case of GzDbp , 'CT and °CT energy levels (2.52 eV and 2.28
eV, respectively) were taken from the PL and PH spectra of the solutions
in THF at 77 K. The experimental value of “LE for CzDbp is not acces-
sible experimentally, given that Ty is of CT nature. One could consider,
however, the value of 2.35 eV measured for the SLE of AcDbp as a first
approximation for the “LE state of CzDbp in THF at 77 K, which seems
coherent with the similar space localization of this state for both the
compounds only on the Dbp core (Fig. $10). In this case, AEgr ("‘LE—’CT)
= 0.17 eV deduced from Fig. 9b for CzDbp is smaller than 0.21 eV
estimated for AcDbp in mCP, for which the TADF seems efficient, thus
making difficult to explain the absence of delayed fluorescence in the
emission of CzDbp.

ic diagrams. The and comparisons presented above
lack of the impact of mixing in the energy levels. In order to better
understand this effect, we remember some of the milestone ideas and
insights: (i) El Sayed’s rule indicates that rISC between electronic states
of the similar nature such as n-n* CT states is forbidden, thus preventing
the interconversion between pure *CT and singlet 'CT excited states in
TADF compounds. (ii) The direct SLE-'eT spin—orbit coupling was
shown to be very small (merely several em™') [56] , failing consequently
to explain the experimental rISC rate constants. (iii) The important in-
formation on the TADF mechanism was obtained by finding that the
vibronic coupling between S, (T,) and S; (Ty) is d y to p

dependence of the nature of “new™ triplet state (T-) from dihedral angle
D-A size. These “dynamical” states allow molecules to profit from the LE
contribution in T; to make the T; — S; transition “allowed” (satisfy to El
Sayed’s rule) (Fig. 10a), hence increase the intensity of the T; — S;
transition (spin-orbit coupling, SOC), but also increase the intensity of
8y — S transition, hence the PLQY of fluorescence. On the other hand,
these oscillations and deformations could result in the increased AEsr
(Fig. 10b), which is detrimental for r1SC. Nevertheless, at some point (a
given geometry), the combination of SOC and AEst becomes convenient
for effective r1SC.[59] It is worth remembering the results from [59]
showing the drastic decrease of rISC rates when AEst approaches 0.2 eV
and beyond.

The ensemble of the above results and ideas,[56,57,58,59] are
illustrated by means of a new diagram for AecDbp doped in mCP shown
in Fig. 9¢. In this figure, from right to left, the static frame with well-
defined energies of JLE and °CT states (similarly to Fig. 9a) is fol-
lowed by a “dynamic” frame, corresponding to dynamically created
mixed 3(L]'i-CT) states of intermediate energies between “LE-*CT. Note,
that dynamical energy levels below- or above the static LE (CT) and CT
(LE) could also be expected; nevertheless, we show in the dynamical
diagrams only the energy levels in between those of LE- and CT.

In this context, while rISC pathways would be ina
static frame, depending on the relative energy order between “LE and
3CT, in the dynamic frame a fundamentally identical pathway could be

T1 — S; 1ISC.[55,56] (iv) Calculations taking into account the contri-
bution of IC or rIC between several low-lying excited states provide the

licted: }(CT——LE) gEC 1CT. Considering now AcDbp
doped in mCP, mixing of CT and LE characters in the same state is also
accompanied by increase in the energy level somewhere in the mid-gap
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between LE and °CT, resulting in reduced AEgr as compared to the
value of 0.21 eV deduced from the diagram shown in Fig. 9a thus
making the TADF more efficient.

In the case of CzDbp the same mechanism should hold true (Fig. 9d),
but the energy of the mid-gap mixed states created “dynamically” (in-
between 3l..IZ-3C’1') would correspond to increased AEgr as compared to
the value of 0.17 eV deduced from the diagram shown in Fig. 9b. This
effect seems opposite to what occurs in case of AcDbp, and the increase
of AEgr from 0.17 eV to 0.24 eV could explain the inefficiency (absence)
of delayed fluorescence.[59] Additionally, the theoretical (vertical) i
state for CzDbp is not a pure CT state, as shown in the experimental
diagram of Fig. 9b,d, but a mixed *(LE-CT) one (Fig. 528). This means
that the contribution of this state to the rISC by means of the second-
order nonadiabatic coupling between 3LE and g(CT-LE) would be less
efficient than that between *LE and *(CT), again providing a possible
explanation on the absence of delayed FL through the TADF channel in
the case of CzDbp. The support to theoretical result related to the mixed
3(LE-CT) nature of T could rise from the shape of PL profiles of the films
of pure CzDbp at very low temperatures (77-120-160 K, Fig. 6¢. A weak
vibrational character is visible in PL spectra, that we assume originating
from phosphorescence contribution related to a mixed 3(LE-CT) emitting
state.

The above di ion pi possible exp of the absence
of triplet harvesting by means of TADF mechanism for CzDbp in THF
and TOL solutions as well as in non-doped and doped in mCP layers.
While, device J with CzDbp as emitter in mCBP demonstrating EQE of
22.1% shows that triplet harvesting via TADF can occur, thus there are
media in which CzDbp exhibit efficient TADF.

Triplet-triplet annihilation. Our findings indicate that degassing of
THF and TOL solutions of CzDbp results in increase of PLQY by 16% of
both solutions. This means that the triplet states do play a role in the PL
of CzDbp, which should consequently be realized through a channel
different from TADF being as fast as prompt fluorescence. One possible
mechanism could be TTA, as shown in the section “Photophysical
properties”. Indeed, integrated PL intensities versus different excitation
intensities give slope values higher than unity for CzDbp and AcDbp
(Fig. 4b). Thus evid; that the TTA | contributes to the
triplet harvesting in both compounds [48,49], when CzDbp as well as
AcDbp plays the roles of both the synthesiser and the annihilator. This is
in agreement with the higher slope than unity for brightness versus
current density plots for devices A (1.191) and B (1.299) containing
AcDbp and CzDbp, respectively. In addition, this is coherent with the
fact that the maximum wavelengths of the PL spectra of CzDbp recorded
in degassed and in-air conditions are identical (Fig. 5¢) and is consistent
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with the assumption that S, the new singlet state created by the inter-
action of two triplet molecules, relax to S; before radiative transition
towards the ground state. The increase of PLQY by16% after deoxy-
genation of the solution is in good agreement with the reported
maximum theoretical value of 20%.[9,60] Concerning to the fast TTA
supposed in the case of CzDbp, the experimental support comes from the
fast TTA (in ns range; kypa > 10 M! s’l) previously reported, for
example, for perylene [61] and many other TTA materials [10].

4. Conclusions

We have synthesized two new D-A-D type molecules, CzDbp and
AcDbp, and have characterized them by means of experimental and
theoretical methods. The solid layers of both the semiconductors exhibit
bipolar charge transport with drift mobilities exceeding 10 * cm?/Vs at
high electric fields. The compounds are able to harvest triplet excitons
by either triplet-triplet annihilation (TTA) or thermally activated
delayed fluorescence (TADF) mechanisms.

The experimental optical absorption spectra of AcDbp and CzDbp in
different media indicate presence of very-low intensity CT-tails for both
the compounds the intensity of which increases with the increasing

of ds. Photolumi. spectra and decay
curves of AcDbp revealed the presence of delayed fluorescence occur-
ring through the TADF mechanism. In the case of CzDbp, no delayed
fluorescence was observed, however, triplet exciton harvesting through
the TTA mechanism was evidenced. The absence of delayed fluorescence
is assumed to stem from a combination of two effects. Compared to
TADF timescales observed for AcDbp (10 2 s), faster triplet harvesting in
CzDbp through TTA channel was evidenced through electrolumines-
cence. The timescale is supposed to be similar to emission timescales of
the prompt fluorescence. This leads to an increase of PLQY of the solu-
tions by 16% after degassing. Independently from the faster (hence
competitive) TTA channel for triplet harvesting, the TADF mechanism
was found to be inefficient in the case of CzDbp, due to a combination of
large singlet—triplet splitting reaching 0.24 eV, and limited contribution
from the mixing (second-ord liabati ling) between LE and
3(CT-LE). This is due to the relatively small dihedral angles in CzDbp
resulting in mixing of LE and CT characters in Ty, thus reducing the
contribution of CT character to the T;-S; 11SC.

From a fund 1 dpoint, our results d that triplet
harvesting in donor acceptor molecules with small singlet-triplet split-
ting is not necessary related to TADF as it is widely accepted, but can
proceed through eventually faster and competitive TTA mechanism.
“Dynamic” state-energy diagrams, which consider the dynamical CT-LE
mixing through fast vibrational motions allow better understanding of
the experimental results related to TADF mechanism, as compared to the
static state-energy diagrams.

In view of the interesting properties of AcDbp and CzDbp, these
compouuds were used as hosts in red PHOLEDs. The device with Csz P
host d superior p 's of electrophosphorescence all
to achieve higher external quantum efficiency of 15.9% as well as lowex
efficiency roll-off in comparison to those of the device based on the
widely utilised mCP, mCBP, NPB and nBPhen hosts. External quantum
efficiencies of 19.4% and 22.1% for doped yellow and orange devices
were achieved when the compounds CzDbp and AcDbp were used as
TADF/TTA emitters, respectively.

Declaration of Competing Interest

The authors declare that they have no known competing

Chemical Engineering Journal 417 (2021) 127902

(project No 09.3.3-LMT-K-712-02-0106) under grant agreement with
the Research Council of Lithuania (LMTLT)

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

0rg/10.1016/j.cej.2020.127902.
References

[1] Y. Lin, C. Li, 7 Ren, $. Yan, M.R. Bryce, All-organic thermally activated delayed
fluorescenee materials for organic light emitting diodes, Nat. Rev. Mater. 18020
(2018) 1-20. https://doi:10.1038/natrevinats. 2018.20.
1. Zhang, K.W. Cheah, Thermally activated delayed fluorescence host for high
performance organic light umlun;. diodes, Sci. Rep. 8832 (2018) 1-6, https://d
01:10.1038/541598-018-27
X. Ban, ¥, Chen, Y. Liu, J. Pan, A Zhu, W. Jiang, Y. Sun, Design of efficient
thermally activated delayed fluorescence blue host for high performance solution-
processed hybrid white organic light emitting diodes, Chem. Sci. 10 (2019)
3054-3064, htps://doi.org/10.1039/CBSCOSA56H.
7. Yang, 7. Mao, Z. Xic, Y. Zhang, . Zhao, 1. Xu, Z. Chi, M.P. Aldred, Recent
advances in organic thermally act d delayed fluorescence materials, Chem,
Soc. Rev. 46 (2017) 915-1016, hitps://doi.org/10.1039/C6CS00368K.
M.K. Etherington, J. Gibson, TLF. T nbotham, T.J. Penfold, A.P, Monkman,
Revealing the spin vibrowic coupling mechanism of thermally activated delayed
fluorescence, Nat. Comnun. 7 (13680) (2016) 1-7. https://doiz10,1038/nc
omms] 3680,
G. Méles, K. Goushia, W.J. Potscavage Jr., C. Adachi, Influence of host matrix on
thermally-activated delayed fluorescence: Effects on emission lifetime,
photoluminescence quantum yield, and device performance, Org. Flectron. 15
(2014) 2027-2037, https://doi.org/10.1016/j.0rgel. 201405
SK. Lower, MA. El Sayed, The triplel state and molecular electronic processes in
organic molecules, Chem. Rev. 66 (1966) 199-241, hitps: 10.1021
r60240a004,
D.M. Mayder, C.M. Tonge, ZM. Hudson, Thermally activated delayed[Fluorescence
in 1,3,1-oxadiazoles with r-extended donors, .J. Org. Chem. 85 (2020)
11094-11103, hrips: 10.1021/acs.joc.0c00908.
X. Qiao, . Ma, Nonlinear optoelectronic processes in organic optoelectronic
devices: Triplet-triplet annihilation and singlet fission, Mater. Sci. Eng. R 139
(100519) (2020) 1-38, https://doi.org/10.1016/j.mser.2019.100519.
J. 7hou, Q. Lin, W. Feng, Y. Sun, I, Li, Upconversion Luminescent Materials:
Advances and Applications, Chem. Rev. 115 (2015) 395-465, hrtps:
10.1021/cr400478f.
J. Liu, Z. Li, T. Hu, X. Wei, R, Wang, X. Hu, Y. Liu, Y. Yi, Y. Yamada-Takanura,
Y. Wang, P. Wang, Experimental evidence for “Hot Exciton” thermally activated
delayed fluorescence emitters, Adv. Optical Mater. 7 (1801190) (2019) 1-9,
hittps://doi.org/10.1002/adom. 201801190,
Y. Xu, X. Liang, X. Zhou, P. Yuan, .I. Zhou, . Wang, B. Li, ). Hu, X. Qiao, X. Jiang,
L. Liu, S. 1. Su, D. Ma, Y. Ma, Tlighly cfficient bluc fluorescent OLEDs based on

doi.org

(o1

doi.org/

i

(2]

upper level triplet-singlet intersystem crossing, Adv. Mater. 31 (1807388) (2019)
1-8, litips://doi.org/10.1002/adma. 201807388,
113 J. H. Lee, C. H. Chen, P. H. Lee, HL Y. Lin, M. K. Leung, T. L. Chiu, C. . Lin, Blue

organic lightemilting diodes: current status, challenges, aud future outlook,

J. Mater. Chem. C 7 (2019) 5874-5888, https://doi.org/10.1039/CI1CO0201A.
N.A. Kuklits, T. Matulaitis, D. Volyniuk, K. Ivaniuk, P. Turyk, P. Stakhira, J.

V. Grazulevicius, A.P. Monkuian, Deep-blue high-efficiency TTA OLED using para-

114]

and and carbazole as emitter
and host, 1. Phys. Chem. Lett. 8 (2017) 6199-6205, hrrps://doi.org/10.1021 /acs,
jpelett.7b02867.

[15] B. Wex, B.R. Kaafarani, Persp on carbazole-based organic

cmitters and hosts in TADF applwanom J. Mater. Chem.
10.1039/C7TC A
0. Bezvikonnyi, D. Gudeika, D. Volymuk M. Rutlds, J.V. Grazlevicius,

based hosts for devices: Effect of donor
substituents, Dyes Pigus. 175 (108104) (2020) 1-10, hiutps://doi.org/10.1016/).
dyepig.2019.108104.
MLIL Iisin, C.Y. Lee, n, P.-Y. Chen, Y.-T1. Chen, 1111, Lu, Y.11. Lin, B.-Y.
Lin, M. Z. Tce, T. L. Chiu, G , J. T1. Lee, 89.3% Lifetime clongation of blue
TTAOLED with assistant host, SID 2016 DIGEST, 1727-1729, https://doi.org/
10.1002/5dtp.11043.

g, D. Zhang, Y. Lu, C. Yin, L, ipulating the Interplay
of Wide Eriergy-Gu Host aud TADF Seinitizer i Higl-Pecfominsice Flucrescéncs
OLEDs, Adv. Mater. 31 (1901923) (2019) 1-9.

X. Che, C. Xu, T. Wang, C. Zhou, J. Du, Z. Wang, H. Xu, T. Xie, G. Bi, J. Jiang,
X. Zhang, J.N. Denuas, C.0. Trindle, Y. Luo, G. Zhang, Versatile Room-

C€5(2017) 8622«8653

el

(71

118] X

Understanding and M

I

2

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This project has received funding from European Social Fund

Materials Prepared from N-Substituted
Naphthalimides: Emission Enhancement and Chemical Conjugation, Angew. Chen.
Int. Ed. 55 (2016) 9872-9876, litps://doi.org/10.1002/anie. 201601252,

T. Tiguchi, 1. Nakanotani, C. Adachi, TTigh-efficiency white organic light-cmitting
diodes based on a blue thermally activated delayed fluorescent emitter combined
with green sud red (uorescent emillers, Adv. Mater. 27 (2015) 2019-2023,
doi.org/10.1002/admia, 201401967,

[20]

https:

103



104

V. Andruleviciene el al.

21

[22]

123]

124]

125]

1261

271

(28]

291

1301

311

132]

1331

[31] K

135]

136]

371

138]

1391

L40]

411

F. Khana, E. Urbonas, D. Volyniuk, J.V. Grazulevicius, S.M. Mobin,, R. Misra, While
from soluti OLEDs based on

substituted tetraphenylethylene derivatives. J. Mater. Chem. €, 2020, Accepted

Manuscript. https://doi.org/10.1039/D0TC03136D.

H. Sun, C. Zhong, . Brédas, Reliable prediction with tuned range-separated

functionals of the singlet-triplet gap in organic emitters for thermally activated

delayed fluorescence, J. Cliem. Theory Comput. 11 (2015) 3851-3858, Littps://doi.

org/10.1021 /acs.jcte. 5h00431.

S. Boxi, D. Jana, Partha, P. Parui, B.K. Ghorai, Dibenzola, ¢|phenazine based

donor-aceeplor (D-A) letra branched molecules: fine tuning of oplical properties, 3

(2018) 6953-6959. https://doi.org/10.1002/51ct.201801500.

C. Zhou, S, Xiao, W. Man Wang, H. Jiaug, S. Liu, B. Yang Zhang, Muduluuon of

excited state property based on benzola, cIphenazine acceptor: three typic:

excited states and electroluminescence performance, Front. Chem. 7 (14]) (2019)

1-10, https://doi.org/10.3389/fchem.2019.00141.

F. M. Xic, Z. D. An, M. Xic, Y. Q. Li, G. H. Zhang, S. J. m-, LClwn, J.D. Chen,

T. Cheng, J.-X. Tang, lert Butyl i hetero-donor

efficient solution processed non doped blue OLEDs, J. Md(cr Chx‘m C 8 (2020)

5769-5776, hips://doi.org/10.1039/DOTC

Y. Im, M. Kim, Y.

organic thermally activated delayed fhigeescence eniitte

1946-1963.

A. Ivanauskaite, R, Lygaitis, S. Raisys, K. Kazlauskas, G. Kreiza, 1. Volyniuk,

n. Gudeika, S. nas, LV. Grazulevicius, Structire—property relationship of blue

solid state emissive phenanthroimidazole de ves, Phys. Chem. Chem. Phys. 19

(2017) 1673716748, https://doi.org/10.1039/C7CPO2248D.

K. Yamaguchi, Y. Esaki, T. Matsushima, C. Adachi, A 1,4,5,8,9,11

lhexaazatriphenyleneliexacarbonitrile (HAT CN) trausport layer with high electron

mobility for thick organic light-emitting diodes, AIP Adv. 10 (055304) (2020) 1-5,

hitps://doi.org/10.1063/5.0007:310.

F.M. Xie, H.Z. Li, G.L. Dai, Y.Q. Li, T. Cheng, M. Xie, J.X. Taug, X. Zhno, lmuou«l

molecular design of dibenz y

fluorescence emitters for orange-red OLEDs with EQF up 1o 22,0

Mater, Interfaces 12 (16) (2020) 18730-18738.

W. Liu, X. Luo, Y. Bao, Y.P. Liu, G. H. Ning, I Abdelwalib, L. Li, C.T. Nai, Z.G. Hu,

D. Zhao, B. Liu, S.Y. Quek, K.P. Loh, A two dimensional conjugated aromatic

polymer via C C coupling reaction, Nat. Chem. 9 (2017) 563-570, hitps://doi.org/

10.1038/nchen. 2

K. Unver, 8. farkuc, Y.A. Udum, C. Tanyeli, L Toppare, Effect of conjugated core

building block dib ine unil on

polymers: Red-shifted absorption, J. Polym. Sci. A Polym. Chem, 18 (2010)

1714-1720, https://doi.org/10.1002/pok 35.

P. Moonsin, N. Prachumrak, R.

lolecular design strategy of
rs, Chem, Mater. 29 (2017)

96,

T. Keawin, S.

T. Sudyoadsuk, V. Promarak, Garbazole dendronised triphenylamines as solution
processed high Tg amorphous hole-transporting materials for organic
clectroluminescent devices, Chem. Commun. 48 (2012) 3382-3384, hitps://
arg/10.103 C16878B.

W. Kohn, L.J. Sham, Self-consistent equations including exchange and correlation
effects, Phys. Rev. 140 (1965) A1133-A1138, hrtps://doi.org/10.1103/
PhysRev,140.A1133.

. Gross, W. Kohn, ‘Time-dependent density-functional theory, Adv. Quantum
('hom 21 (1990) 255-291, https://doi.org/10.1016/S0065-3276(08)60600-0.

R. Baurnschmitt, R. Ahlrichs, Treatment of clectronic excitations within the
adiabatic approximation of time dependent density functional theory, Chem. Phys.
Lett. 256 (1996) 454 464. Doi: 10.1016/0009 2614(96)00440 X.

ME. Casida, C. Jamorski, K.C. Casida, D.R. Salaliub, Molecular excitation energies
to high-lying bound states from time-dependent density-functional response
‘haracterization and correction of the time-dependent local density

ion thresholdJ, Chew. Phys. 108 (1998) 4439-4449, lilps://

‘doi.

doi.org/10.1063/1.4
Ii. Miyamoto, Y. Yamagurh M. Yokoyama, lonization potential of organic pigment
film by atmospheric photoclectron cmission analysis, Electrophotography 28
(1989) 364-370, htps://doi.org/10.11370/isjepj.28.364.

S. Okamoto, K. Tanaka, Y. Tzumi, 11. Adachi, T. Yamaji, T. Suzuki, Simple
measurements of quantum efficiency in organic electroluminescent devices, Jpn. J.
Appl. Phys. 40 (2001) 783-784, hiip: £/10.1143/JJAP.40.L7
Z. Zheng, D.A. Egger, J. L. Brédas, L. Kronik, V. Coropecanu, Effect of solid state
polarization on charge transfer excilations and transport levels at organic
interfaces from « screened range-separated hybrid functional, J. Phys. Chem. Lett.
8 (2017) 3277-3283, hirps://doi.org/10.1021 /acs.jpelett.7h01276.

V. Mimaite, V. Grazulevicius, R. Laurinaviciute, D. Volyniuk, V. Jankauskas,

ini, Can hydrogen bonds improve the hole-mobility in amorphous organic
semiconductors? Experimental and theoretical insights, J. Mater. Chem. C 3 (2015)
11660-11674, https://doi.org/10.1039/C5TC02534F.

J. Griie, N. Bunznaun, M. Meinecke, V. Dyakonov, A. Sperlich, Kinelic uwdelmg
of transient electroluminescence reveals I'TA as an efficiency-limiting process in
exciplex based TADF OLEDs, J. Phys. Chem. C. (2020), Lttps://doi.org/10.1021

aes jpee.0c06528,

G.

121

[43]

(471

148]

[51)

511

(551

158]

1591

[60]

1611

Chemical Engineering Journal 417 (2021) 127902

AA. Ruduick, S. Bagnich, D. Waguer, S. Atunasopoulos, P. Stroliiegl, A, Kohler,
‘The influence of torsion on excimer formation in bipolar host materials for blue
phosphorescent OLEDs, J. Chem. Phys. 144 (214906) (2016) 1-6, hiips
10.1063/1.4953102
Y. Wang, Y. Yi, . Wang, Y. Chen, X. Wei, R. Wang, 7 1i, Y. Liu, R. Duan, J. Lin,
Y. Yamada Takamura, Triplet decay induced negative temperature dependence of
the transient Photoluninescence decay of thermally activated delayed fluorescence
emitter, J. Mater. Chem. C (2017), https://doi.org/10.1039/C7TCO4025C.
A.E. Nikolaenko, M. Cass, T. Bourcet, D, Mohamad, M. Roberts, Thermally
activated delayed fluorescence in polymers: A new roule loward highly efficient
solution processable OLEDs, Adv. Mater. 27 (2015) 72367240, htips://doi.org,
10.1002/ad11.201501090.
J.U. Kim, LS. Pm’k C.-Y. Chan, M. Tanaka, Y. Tsuchiya, H. Nakanotani, C. Adachi,
le delayed molecule for deep-blue OLEDs with
small efficiency rolloff, Nat. Commun. 11 (1765) (2020) 1-8, hitps://doi.org/
10.1038/541467 020 158
N. Bunznan, S, Weissenseel, L. Kudriashova, J. Gruene, B. Kragmann, J.
V. Grazulevicius, A. Sperlich, V. Dyakonov, Optically and clectrically excited
intermediate electronic states in donoruceeplor based OLEDs, Mater. Horiz. 7
(2020) 1126-1137, hitps://doi.org/10.1039/CIMHO11
C.G. Zhen, Y.-F. Dai, W.-J. Zeng, 7. Ma, Z-K. Chen, .J. Kieffer, Achieving highly
efficient [luorescent blue organic light-emitting diodes through oplimizing
molecular structures and device configuration, Adv. Funct. Mater. 21 (2011)
699-707, hitps://doi.org/10.1002/adfm. 20100216
T. Y. Chou, I. 1. Chou, Y. H. Chen, T. . Su, C. Y. Liao, Il W. Lin, W. C. Lin, I.
Y. Yen, L. Chena, C.I1. Cheng, Iificient delayed fluorescence via triplet-tripler
for d(‘(‘p blue ¢ Chem. Commun. 50 (2014)
6869-6871, hiips:/ rg/10.1039/CAC YJl&xlr
C. Ganzorig, M. Fujihira, A possible for enhanced
emission through triplet-triplet annihil in organic devices,
Appl. Phys. Lell. 81 (2002) 3137-3139, hitps://doi.org/10.1063/1.1515129,
Y.-J. Su, H.-L. Huang, C.-L. Li, C.-H. Chien, Y.-1. Tao, Chou, 8. Datta, ¥ Liu,
Highly efficient red electrophosphorescent devices based on iridium isoquinaline
complexes: remarkable external quantum cfficiency over a wide range of current,
Adv. Mater. 15 (11) (2003) 884-888, litlps://doi.org/10.1002/adwia. 200304630,
S. Tofighi, P. Zhao, R.M. O'Donnell, J. Shi, P.Y. Zavalij, M.V. Bondar, D.J. Ilagan,
E.W. Van Stryland, Fast triplet population in iridium(II) complexes with less than
unily singlet 1o triplel quantum yield, J. Phys. Chem, € 123 (2019) 1384613855,
https://doi.org/10.1021 /acs jpec. 9b005 39,
C. H. Fau, P, Sun, T. H. Su, C. H. Cheng, Host and dopant waterials for idealized
deep-red organic electrophosphorescence devices, Adv, Mater. 23 (2011)
2981-2985, https://doi.org/10.1002/adma.201100610.
F.B. Dias, J. Santos, D.R. Graves, P. Data, R.S. Nobuyast, M.A. Fox, A.S. Batsanov,
T. Palmeira, M.N. Berberan Santos, MR. Bryce, A.P. Monkman, The role of local
triplet excited states and d-a relative orientation in thermally activated delayed
fluorescence: photophysics and devices, Adv. Sci. 3 (1600080) (2016) 1-10,
littps://doi.org/10.1002/4dvs. 201600080,
I. Kobayashi, A. Niwa, K. Takaki, S. Haseyama, T. Nagase, K. Goushi, C. Adachi,
H. Naito, Contributions of a h:gher triplet excited state to the emission properties
of & thermially activated delayed-fluorescence emitter, Phys. Rev. Applied. 7
(031002) (2017) 1-10, hteps://doi.org/10.1103/PhysRevApplied.7.034002.
J. Gibson, A.P. Monkman, T.J. Penfold, The importance of vibronic coupling for
efficicnt reverse intersystem crossing in thermally activated delayed fluorescence
molecules, Commun. 17 (2016) 2956-2961, https://doi.org/10.1002/
cphc.201600662.
X. K. Chen, §. F. Zhang, J. X. Fan, A. M. Ren, Nature of Lighly effic
activated delayed fluorescence in organic light-emitting diode emits
nonadiabatic effect between excited States, J. Phys. Chem. C. 119 (2015)
9728-9733, Lillps:// dul 0rg/10.1021 /acs jpec. 5600276,
B.R. Henry, W. and, Spin-orbit coupling in aromatic hydrocarbons. Analysis
of nonrad:anvo transitions between singler and triplet states in benzene and
naphthalene, J. Chem. Phys. 54 (1971) 1072-1085, hitps://doi.org/10.1063/
1.1674940.
Y. Olivier, B. Yurash, 1. Muccioli, G. D'Avino, O. Mikhnenko, J.C. Sancho-Garcia,
C. Adachi, T. Q. Nguyen, D. Beljonne, Nature of the singlet and triplet excitations
mediating thermally activated delayed (luorescence, Phys. Rev, Materials. 1
(075602) (2017) 1-6, https://doi.org/10.1103/PhysRevMaterials. ] 075602.
P.K. Saauta, D. Kim, V. Ce J.-L. Brédas, Up i
crossing rates in organic emitters for thermally activated delayed fluorescence:
Impact of the nature of singlet vs triplet excited states, J. Am. Chem. Soc. 139
(2017) 4042-4051, hitps://doi.org/10.1021 fjacs.6b12124.
R. leuji, K. Goushi, C. Adachi, Triplet-triplet upconversion enhanced by spin-orbit
coupling in organic light-emitting diodes, Nat. Commun. 10 (5283) (2019) 1-10,
hutps://doi.org/10.1038/541467 019 13044 1.
C. Ye, V. Gray, J. Marlensson, K. Borjessou, Aunihilation versus excimer fonmation
by the triplet pair in triplet-triplet annihilation photon upconversion, J. Am. Chem.
Soc. 141 (2019) 9578-9584, Littps://doi.org/10.1021 /jacs. 9002302,

doi.org/

/doi




ROYAL SOCIETY

Journal of
- OF CHEMISTRY

Materials Chemistry C

View Article Online

View Joumal | View Issue

Dual versus normal TADF of pyridines ornamented
with multiple donor moieties and their
performance in OLEDs7
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A procedure for post-functionalization by 3,6-di-tert-butyl-carbazole or 3,7-dibromophenothiazine of
dicyanopyridines was developed. Pyridine rings in new pyridines exist in a twist-conformation in the solid
state. Green and orange thermally activated delayed fluorescence (TADF) with close emission quantum yields
in solid-state resulting from recombination of two different intramolecular charge transfer (ICT) states was
observed for compounds post-functionalized by 3,6-di-tert-butyl-carbazole and 3,7-dibromophenothiazine
moieties, respectively. Non-doped and doped organic light-emitting diodes exhibiting green and orange
electroluminescence were developed using the synthesized compounds as normal/dual TADF emitters. The
device based on 3,7-dibromophenothiazine-containing emitters exhibiting dual TADF showed low device
life-times and a low maximum external efficiency of 3.1 (for the non-doped device) and 5% (for the doped
device). Organic light-emitting diodes with 3,6-di-tert-butyl-carbazole-containing emitters exhibiting normal
TADF showed relatively high device life-times and a high maximum external efficiency of 8.1 (for the non-
doped device) and 25% (for the doped device). Because of the energy distribution between the two ICT
states in dual-TADF emitters, ultra-long lifetime of fluorescence (up to milliseconds) was detected which
results in exciton—exciton and exciton—polaron annihilations under electrical excitation and low stability and
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Introduction

Starting from the first publication on application of materials
with thermally activated delayed fluorescence (TADF) in organic
light-emitting diodes (OLEDs), the multiple-donor approach
has been widely used in the design of efficient TADF emitters."
High external quantum efficiency (EQE) of TADF based OLEDs is
directly related to emissive triplet harvesting via reverse triplet —
singlet intersystem crossing (RISC) in purely organic compounds
with small singlet-triplet energy splitting (AEg,) and high photo-
luminescence quantum yields (PLQYs) in the solid state.” Some
multiple-donor-acceptor TADF emitters with small AEsr and high

“ Latvian Institute of Organic Synthesis, Aizkraukles 21, LV-1006, Riga, Latvia.
E-mail: pavel@osi.tv
* Department of Polymer Chemistry and Technology, Kaunas University of
Technology, Radvilenu pl. 19, 1T-50254, Kaunas, Lithuania.
E-mail: juozas.grazulevicius@kuu.it
# Flectronic supplementary information (EST) available: Details on instrumenta-
tion (sample fabrication and investigation) and materials used for OLED [abrica-
tion, computational details, and *H, **C NMR and IR spectra are given. CCDC
1989801 and 1989803. For ESI and crystallographic data in CIF or other electronic
format see DOL: 10.1039/d0te05745b

3928 | J Mater. Chem. C, 2021, 9, 3928-3938

PLQYs in the solid-state were previously developed and showed
efficient and relatively stable electroluminescence.” For example,
a TADF molecule with three donor and three acceptor units was
used in the fabrication of non-doped solution-processed sky-blue
TADF OLEDs with a maximum EQE up to 21.0%.* TADF mole-
cules with four donor moieties showed an ultra-high RISC rate of
4.44 % 10° 57" resulting in maximum EQEs of OLEDs up to
24.6%.° It was also demonstrated that TADF emitters with a
higher number of donor moieties showed shorter lifetimes of
delayed fluorescence and longer device lifetimes than the refer-
ence compounds with a lower number of donor moieties.””
Donating abilities of the donors can be tuned by attaching
tert-butyl, methyl, phenyl and other groups to the same donor
moiety. Examples of asymmetrical donor-acceptor-donor* TADF
molecules with two donors of different types are limited.*”
Multiple-donor-acceptor TADF emitters with a high number
(3-4) of electron-donating units usually contain one-type of donor
(e.g., carbazole units). The effect of the presence of different types
of donors on TADF efficiency of multiple-donor-acceptor com-
pounds, to our knowledge, has not been studied yet.
Interestingly, utilization of two different donors in the same
molecule can lead to realization of dual TADF, the first example
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Fig. 1 Molecular design approach of the dual TADF emitters.

of which has been recently reported.'® Dual TADF was observed

for unsymmetrical donor/acceptor alternate (D-A-D*) com-
pounds having two different donors, i.e., phenothiazine (D)
and N-(1h-indole-5-yl) acetamide (D') and diphenylsulfone as
the acceptor unit (A). The compound with dual TADF was
applied for integrating time-resolved imaging. However, dual
TADF cmitters have not been tested yet in OLEDs, which we
aimed to do in this study.

With the above aim, in this study we introduced different
types of donors to the molecular structure of multiple donor—
acceptor TADF emitters. Recently, we developed efficient TADF
compounds with two 3,6-di-tert-butyl-carbazole moicties
(Fig. 1)."" Following the aim of this work, 2,6-bis-(3,6-di-tert-
butylcarbazol-9-yl)-4-(4-fluorophenyl)-pyridine-3,5-carbonitrile (I)
was further post-functionalized by attaching 3,6-di-tert-butyl-
carbazole or 3,7-dibromophenothiazine moieties. Two multiple
donor-substituted dicyanopyridines with three donors of one-
type (3,6-di-tert-butyl-carbazole) or two-types (3,6-di-tert-butyl-
carbazole and 3,7-dibromophenothiazine) in their molecular
structures were synthesized and fully characterized (Fig. 1).
The effect of such structures of multiple-donor-acceptor TADF
emitters on their photophysical and electroluminescence pro-
perties including the OLED performance stability was investi-
gated. A maximum EQE of 25% was obtained for OLEDs based
on the developed compound 5a as the TADF emitter. This is
considerably a higher value than the maximum EQE of 7.5%
observed for OLEDs based on the previously reported 2,6-bis<(3,6-di-
tert-butylcarbazol-9-y1)}-4-(4-fluorophenyl)-pyridine-3,5-carbonitrile.'*

Materials and methods

Unless otherwise stated, all reagents were purchased from
commercial 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) fluore-
scence. ZEOCHEM silica gel (ZEOprep 60/35-70 microns —
$123501) was used for column chromatography. 'H and '*C
NMR spectra were recorded on a Bruker 400 spectrometer at
400 and 101 MHz correspondingly at 298 K in CDCl,. The 'H
chemical shifts are given relative to the residual CHCI; signal
(7.26 ppm), and C chemical shifts are given relative to CDCl,
(77.16 ppm). The melting points were determined using a
“Digital melting point analyser” (Fisher), and the results are
given without correction. For 5a diffraction data were collected
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at 7'= 150 K using a Rigaku XtaLAB Synergy, Dualflex, HyPix
diffractometer using CuKs-radiation (4 = 1.54184 A). For 5b
diffraction data were collected at 7= 193 K using a Bruker-Nonius
KappaCCD diffractometer using MoK, -radiation (4 = 0.71073 A).
The crystal structures were solved by direct methods and refined
by full-matrix least squares with the help of Olex2'* and ShelXT**
software. CCDC 1989801 (for 5a) and CCDC 1989803 (for 5b)
contain the supplementary crystallographic data for this paper.?

4-(3,6-Di-tert-butylcarbazol-9-yl)benzaldehyde (1a)

A mixture of 4-fluorobenzaldehyde (1.06 mL, 10 mmol), K,CO;
(4.15 g, 30 mmol) and 3,6-di-tert-butyl-9H-carbazole (2.79 g,
10 mmol) in DMF (15 mL) was refluxed for 12 h. After cooling
the mixture was poured into ice water and extracted with DCM
(3 x 50 mL). The organic phase was dried over anhydrous
Na,S0, and evaporated. The crude product was purified by
flash chromatography on silica gel using the mixture of DCM :
petroleum ether (1:1) as the eluent affording a pale-yellow
powder (2.37 g, 63%). The 'H NMR spectrum is in accordance
with ref. 14.

4-Phenothiazin-10-yl-benzaldehyde (1b)

The mixture of phenothiazine (1.67 g, 8.4 mmol), 4-bromo-
benzaldehyde (1.0 g, 9.5 mmol), potassium carbonate (2.0 g,
14.49 mmol), Pd(OAc), (0.1 g, 0.5 mmol) and tri-tert-butylphos-
phine (0.3 mL, 1 M solution in toluene, 0.6 mmol) in 10 mL of
anhydrous toluene was refluxed under argon for 24 h. Then the
solvent was removed under reduced pressure and the residue
was purified by flash column chromatography on silica gel (cluent:
petroleum ether/DCM 2: 1 (by volume)) to afford aldehyde 1b as a
white solid (1.36 g, 53%). The "H-NMR data correspond to those
available in the literature for 1b."

(E,Z)-2-Cyano-3-{4-(3,6-di-tert-butylcarbazol-9-yl} phenyl}-acrylamide
(2a)

The mixture of 1a (3.90 g, 10.2 mmol), 2-cyanoacetamide (1.72 g,
20.4 mmol) and piperidine (2.01 mL, 20.4 mmol) in methanol
(120 mL) was stirred at rt overnight. After cooling in refrigerator,
the precipitates were filtered off and washed with methanol
affording 3 g (66%) of 2a as bright yellow powder which was used
in the next step without additional purification. Mp > 200 “C.
"H-NMR (400 MHz, DMSO-d,): 8.34-8.27 (m, 3H), 8.22 (d, / = 8.6
Hz, 2H), 7.97 (s, 1H), 7.86 (d, J = 8.6 Hz, 2H), 7.82 (s, 1H), 7.54-
7.38 (m, 4H), 1.42 (s, 18H). ESI-MS: m/z: 450 [M + H]".
(E,Z)-2-Cyano-3-(4-phenothiazin-10-yl-phenyl)-acrylamide (2b)
The mixture of 1b (1.08 g, 3.56 mmol), 2-cyanoacetamide (0.6 g,
7.13 mmol) and piperidine (0.7 mL, 7.13 mmol) in methanol
(20 mL) was stirred under argon for 24 h. After cooling the
bright yellow precipitates were filtered off and purified by flash
column chromatography on silica gel (eluent: petroleum ether/
ethyl acetate 1:2 (by volume)) to afford acrylamide 2b as bright
yellow powder (0.82 g, 62%). "H-NMR (400 MHz, DMSO-dj): 8.11
(s, 1H), 7.99-7.91 (m, 2H), 7.82 (s, 1H), 7.68 (s, 1H), 7.45 (dd, J =
7.7, 1.5 Hz, 2H), 7.32 (ddd, J = 7.9, 7.4, 1.5 Hz, 2H), 7.26-7.11
(m, 6H). '*C NMR (DMSO-d): 163.44, 150.08, 147.54, 141.50,
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132.79, 129.63, 128.73, 128.19, 126.86, 126.12, 124.37, 119.91,
117.37, 104.03. ESI-MS: m/z: 370 [M + H]".

4-[4-(3,6-Di-tert-butylcarbazol-9-yl)-phenyl]-6- 2-0X0-1,2-
dihydropyridine-3,5-dicarbonitrile piperidine salt (3a)

The mixture of 2a (1.34 g, 3 mmol), ethyl cyanoacetate (0.64 mL,
6 mmol) and piperidine (0.59 mL, 6 mmol) in dry chloroform
(50 mL) was refluxed for 48 h. After cooling in refrigerator, the
precipitates were filtered off and washed with cold chloroform.
The obtained salt was triturated with methanol and filtered
affording 3a as grey powder (0.86 g, 48%) which was used in
the next step without additional purification. Mp > 200 °C.
"H-NMR (400 MHz, DMSO-d): 10.65 (s, 1H), 8.36-8.26 (m, 2H),
7.76-7.65 (m, 4H), 7.52 (dd, J = 8.7, 2.0 Hz, 2H), 7.40-7.35 (m,
2H), 3.04-2.97 (m, 4H), 1.68-1.59 (m, 4H), 1.58-1.51 (m, 2H),
1.43 (s, 18H). "*C NMR (DMSO-dy): 164.45, 163.83, 161.54,
143.22, 138.67, 138.51, 130.20, 126.07, 124.24, 123.49, 119.28,
117.17, 116.69, 109.52, 82.09, 44.23, 34.95, 32.25, 25.75, 22.66,
22.04. ESI-MS: mfz: 513 [M — H] .

4-(4-(10H-Ph 10-yl)phenyl)-6-hydroxy-2-oxo-1,2-dihydro-
pyridine-3,5-dicarbonitrile piperidine salt (3b)

The mixture of 2b (0.8 g, 2.17 mmol), ethyl cyanoacetate (0.35 mL,
3.25 mmol) and piperidine (0.32 mL, 3.25 mmol) in dry chloro-
form (60 mL) was refluxed for 48 h. After cooling, the precipitates
were filtered off and carcfully washed with chloroform and
methanol yielding piperidine salt 3b (0.53 g, 47%) as white
powder, which was used in the next step without additional
purification. "H-NMR (400 MHz, DMSO-d): 8.30 (s, 1H), 7.59
(d,J = 8.6 Hz, 2H), 7.40 (d, ] = 8.7 Hz, 2H), 7.20 (dd, ] = 7.5, 1.6 Hz,
2H), 7.07 (ddd, J = 8.2, 7.4, 1.6 Hz, 2H), 6.98 (td, J = 7.5, 1.3 Hz,
2H), 6.48 (dd, J = 8.1, 1.3 Hz, 2H), 3.04-2.93 (m, 4H), 1.69-1.48
(m, 6H). ESI-MS: m/z: 435 [M + H-piperidine] .

2,6-Dibromo-4-(1-
carbonitrile (4a)

1-9-yl)-phenyl}-pyridine-3,5-

A mixture of 3a (1.20 g, 2.0 mmol) and POBr; (1.55 g, 5.4 mmol)
and quinoline (1 mL) in dry toluene (50 mL) was heated with
stirring at 110 °C for 3 h. The hot toluene was decanted, and the
residue was carefully washed with boiling toluene (3 x 40 mL).
Combined toluene extracts were washed with water and saturated
aqueous NaCl solution and dried over Na,SO,. After solvent
evaporation, the crude product was purified by flash column
chromatography on silica gel (eluent: DCM/petroleum ether 1:1)
yielding 4a (0.90 g, 70%) as white powder. Mp: > 200 “C. "H-NMR
(400 MHz, CDCLy): 8.14 (t, ] = 1.3 Hz, 2H), 7.90-7.84 (m, 2H), 7.83—
7.76 (m, 2H), 7.51 (d, ] = 1.3 Hz, 4H), 1.48 (s, 18H). ESIMS: m/z: 641
[M + H]'. Anal. caled for Cy3H,4Br,Ny: C, 61.89; H, 4.41; N, 8.75;
found: C, 61.72; H, 4.52, N, 8.26.

2,6-Dibromo-4-(4-(3,7-dibromo-10H-phenothiazin-10-yl)phenyl)-
pyridine-3,5-dicarbonitrile (4b)

A mixture of piridone 3b (0.48 g, 0.92 mmol), POBr; (0.79 g,
2.77 mmol) and quinoline (1 mL) in dry toluene (30 mL) was
heated with stirring at 110 °C for 1 h. The hot toluene was
decanted, and the residue was carefully washed with boiling
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toluene (3 x 40 mL). Combined toluene extracts were washed
with water and saturated aqueous NaCl solution and dried over
Na,80,. After solvent evaporation, the crude product was
purified by flash column chromatography on silica gel (eluent:
DCM/petroleum ether 1:1 — 2:1) yielding 4b (0.48 g, 73%) as
grey powder. Mp: >200 “C. '"H-NMR (400 MHz, DMSO-de):
7.85-7.71 (m, 2H), 7.60 (d, J = 2.3 Hz, 1H), 7.55-7.44 (m, 3H),
7.39 (dd, J = 8.6, 2.3 Hz, 1H), 7.31 (dd, J = 8.7, 2.3 Hz, 1H), 6.71
(d,/ = 8.7 Hz, 1H), 6.47 (d, / = 8.8 Hz, 1H). ESI-MS: m/2: 718 [M]".
Anal. caled for Cy3H;oBryN,S: C, 41.82; H, 1.40; N, 7.80; found:
C, 41.56; H, 1.35, N, 7.65.

2,6-Bis(3,6-di-tert-butyl-carbazol-9-yl-4{4-(3,6-di-tert-butyl-carbazol-
9-yl}-phenyl}-pyridine-3,5-dicarbonitrile (5a)
3,6-Di-tert-butyl-9H-carbazole (275 mg, 0.984 mmol) was added
to a suspension of NaH (60% oil dispersion, 35.3 mg,
1.05 mmol) in THF (3 mL) at 0 “C under an argon atmosphere.
The reaction mixture was stirred for an additional 30 min at
0°Cand then a DMF (2 mL) solution of 4a (210 mg, 0.328 mmol)
was added. The mixture was stirred at rt for 3 h and then it was
poured into ice-water. The mixture was extracted with DCM
(4 x 50 mL), washed with water, saturated aqueous NaCl
solution, and dried over Na,SO,. The solvent was removed
under reduced pressure and the crude product was washed twice
with acetonitrile and then purified by flash chromatography on
silica gel (eluent chloroform/petroleum cther/acetone 10:12: 0.4
by volume), yielding 5a as light yellow powder (170 mg, 51%),
Mp > 200 °C. IR vy (film): 2226, 1604, 1541, 1511. '"H NMR
(400 MHz, chloroform-d): 8.16-8.09 (m, 8H), 7.96 (d, J = 8.6 Hz,
2H), 7.77 (dd, ] = 8.8, 0.6 Hz, 4H), 7.56 (dd, J = 8.7, 0.6 Hz, 2H),
7.54-7.46 (m, 6H), 1.47-1.48 (m, 54 H). "*C NMR (CDCl): 154.61,
146.47, 143.78, 141.94, 138.45, 136.98, 131.48, 130.54, 126.69,
125.73, 124.17, 123.96, 123.89, 116.58, 116.35, 114.31, 112.40,
109.99, 109.46, 99.10, 34.89, 34.76, 31.94, 31.79. Anal. caled for
C73H7Ng: C, 84.52; H, 7.38; N, 8.10; found: C, 84.36; H, 7.39,
N, 8.05.

2,6-Bis(3,6-di-tert-butyl-9H-carbazol-9-yl)-4-(4-(3.7-dibromo-10H-
phenothiazin-10-yl)phenyl)pyridine-3,5-dicarbonitrile (5b)

3,6-Di-tert-butyl-9H-carbazole (0.62 g, 2.23 mmol) was added to
a suspension of NaH (60% oil dispersion, 78.6 mg, 2.34 mmol,
4.2 eq.) at 0 °C under an argon atmosphere. The reaction
mixture was stirred for an additional 30 min at 0 “C and then
a DMF (3 mL) solution of 4b (0.4 g, 0.56 mmol) was added. The
mixture was stirred at rt for 3 h and then it was poured into
ice-water. The mixture was extracted with DCM (4 x 50 mL),
washed with water, saturated aqueous NaCl solution, and dried
over Na,SO,. The solvent was removed under reduced pressure
and the crude product was washed twice with acetonitrile and
then purified by flash chromatography on silica gel (eluent:
petroleum ether/DCM 1:1 — 1:2 by volume), yielding 5b as
bright yellow powder (0.47 g, 68%), Mp > 230 “C. IR vy (film):
2228, 1605, 1550, 1504. 'H NMR (400 MHz, chloroform-d): 8.11
(dd, J = 2.0, 0.6 Hz, 4H), 7.96-7.88 (m, 2H), 7.74 (dd, J = 8.7,
0.6 Hz, 4H), 7.52-7.40 (m, 8H), 7.31 (dd, J = 8.6, 2.3 Hz, 2H),
6.86 (d, J = 8.6 Hz, 2H), 1.47 (s, 36H). "°C NMR (CDCl,): 162.82,
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154.56, 146.45, 146.34, 140.90, 136.95, 131.87, 130.51, 130.41,
130.26, 128.66, 125.72, 124.13, 123.79, 122.08, 117.87, 116.55,
114.42, 112.41, 98.74, 34.88, 31.86, 31.78. Anal. caled for
CesHsgBI,NgS: C, 70.01; H, 5.24; N, 7.54; found: C, 70.15; H,
5.40, N, 7.30.

Results and discussion
Synthesis and molecular structures

In continuation of our research in the field of carbazolyl sub-
stituted dicyanopyridines'' we decided to add additional carba-
zole moieties. Unfortunately, our attempts to substitute fluoro
atoms with carbazole in previously obtained 2,6-bis(3,6-di-tert-
butyl-9H-carbazol-9-yl}-4-(4-fluorophenyl)pyridine-3,5-dicarbonitrile
(I) failed as carbazolyl substituents in positions 2 and 6 were
sensitive to basic conditions and clevated temperature. Alterna-
tively, we realized the synthesis of desired products 5a and 5b
starting with 4-(3,6-di-tert-butylcarbazol-9-yl)benzaldehyde 1a''
and 4-phenothiazin-10-yl-benzaldehyde 1b."* Aldehydes 1a and
1b were treated with 2-cyanoacetamide in the presence of
piperidine (Scheme 1).

As a result, (EZ)-2-cyano-3-(4-(3,6-di-tert-butylcarbazol-9-yl)-
phenyl]-acrylamide 2a and (£, Z)-2-cyano-3-(4-phenothiazin-10-
yl-phenyl)-acrylamide 2b were isolated instead of the expected
cyclization products. Further continuous heating of 2a and 2b
with ethyl cyanoacetate and piperidine in chloroform led to the
formation of 3a and 3b in acceptable yiclds. Then, these salts
were converted to the corresponding dibromopyridines 4a and
4b. Notably, 2,6-dibromo-4-[(4-di-tert-butylcarbazol-9-yl)-phenyl ]
pyridine-3,5-carbonitrile 4a was isolated in good yield, however,
the heating of 3b with POBr; in quinolone led to the additional
bromination of phenothiazine ring in positions 3 and 7 yielding 2,6-
dibromo-4-(4-(3,7-dibromo-10H-phenothiazin-10-yl)phenyl)pyridine-
3,5-dicarbonitrile 4b in 73% yield as grey powder. Finally, desired 5a
and 5b were obtained by a previously elaborated method**** by
amination of dibromides 4a and 4b with 3,6-di-tert-butyl-9H-
carbazole in DMF using sodium hydride as the base.

Fig. 2A shows a perspective view with atomic numbering
scheme of the molecular structure of 5a (ESI contains the
stereo view figure of 5a). Crystals were grown from dilute
solution of acetonitrile. It unambiguously confirms the forma-
tion of completely substituted pyridine. The dihedral angle
between the pyridine and phenyl ring in position 4 is 65.8(7).
Besides, 3,6-di-tert-butyl-carbazole moieties in positions 2 and 6
form dihedral angles between least squares planes equal to
45.5(8) (N7) and 39.9(8) (N43). In its turn the dihedral angle
between the phenyl ring and the 3,6-di-tert-butyl-carbazole with
N28 is 77.4(9).

The considerable values of these dihedral angles testify
steric overload of the molecular structure by indication of the
Cremer-Pople parameters for the pyridine cycle. Calculation of
the Cremer-Pople parameters analogously to carbohydrate
cycles'” led us to the following values for a pyridine cycle =
125.9 and 51.1 and Q = 1.486 A. These parameters correspond
to 2E conformation in Cremer-Pople abbreviations, which
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Scheme 1 Preparation of 5a and 5b. Reaction conditions: (a) 2-cyano-
acetamide (2 equiv.), piperidine, MeOH, rt, overnight; (b) ethyl cyanoace-
tate (2 equiv.), piperidine (2 equiv.), CHCls, reflux, 48 h; (c) POBrz (2.8 equiv.),
quinoline, dry toluene, reflux, 3 h; (d) NaH (2 equiv.}, 3,6-di-tert-butyl-9H-
carbazole (2 equiv.), THF/DMF, 0 “C.

Fig. 2 (A} Molecular structure of 5a with anisotropic displacement ellip-
soids drawn at 50% probability and conformation of the pyridine cycle
(below) in molecules of 5a {atoms are shown as small spheres of arbitrary
radii); {B) molecular structure of 5b with anisotropic displacement ellip-
soids drawn at 50% probability.
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indicates that pyridine ring in 5a exists in a twist-conformation
in the solid state (Fig. 2A). Also, no shortened intermolecular
contacts were found in the crystal structure; there are only weak
hydrophobic interactions between tert-butyl groups.

El 1 I and ph 1

I properties

The energy levels of the compounds were studied by cyclic
voltammetry (CV) and photoelectron emission (PE) spectroscopy.
Ionization potentials (15") of 5.62 and 5.31 eV were observed by
CV for compounds 5a and 5b (Fig. 3A). A smaller /5" value was
obtained for 5b in comparison to that of compound 5a due to the
presence of strong electron-donating 3,7-dibromophenothiazine
moieties. The onset potentials of the first reduction band against
ferrocene were used for the estimation of electron affinities (E5")
of the compounds. The ES” values of 5a and 5b were practically
the same since the same electron-accepting moiety is present in
both the molecules (Scheme 1). Since higher energy is required
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to release electrons from a molecule in the solid state than in
solutions, higher ionization potentials (i) of 6.09 and 5.95 eV were
obtained for vacuum-deposited films of 5a and 5b, respectively, by
PE measurements (Fig. 3B). Electron affinities (EX") of 3.44 and 3.32
eV were calculated for compounds 5a and 5b in the solid state
using the formula E, = I;* — E, where E, is the optical band-gap
energy of the corresponding neat films. Both I° and E{® values are
necessary for the design of OLEDs.

Electronic structures in ground and exited states of 5a and 5b
were experimentally investigated by UV spectroscopy as well as
by steady-state and time-resolved luminescence spectroscopy.
The close peak wavelengths (390 and 396 nm) of low-energy
absorption bands were observed for the solutions of 5a and 5b in
toluene (Fig. 3C and Table 1). The positions of these bands were
in very good agreement with that of the corresponding band of
compound 1.'" Based on the TD-DFT calculations, low-energy
absorption bands are assigned to the several electronic transitions
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Fig. 3 Cyclic voltammograms (A} and photoelectron emission spectra (B} of 5a and 5b. Absorption and emission {C) spectra (under excitation at 350 nm)
of the solutions of compounds 5a, 5b and I in toluene and of neat and doped films. 1,3-Bis(9-carbazolyl)benzene (mCP) was used as a low-polarity host.
Solvent effects on optical absorption and PL spectra of compounds 5a (D) and 5b (E) in solutions with concentration ca. 10~* mg mL~. Time-resolved
spectra of toluene solution of 5b at different time windows after excitation recorded with the different time delays (F and G). PL decays of toluene

solution of 5b recorded at the different emission wavelengths (H).
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Table 1 Photophysical data for 5a and 5b”

Compound 5a 5b
Wavelength of absorption maxima (toluene), nm 390
Wavelength of PL max (neat/doped film), nm 598/584
PLQY (neat/mCP and mCBP doped film), % 18/20/22  12{17/20
S, (THF/doped film), eV 2.71/2.81 2.79/2.83
T, (THF/doped film), eV 2.61/2.7 2.75(—
AEgr (THF/doped film), eV 0.1/0.11  0.04{—

“ Doped films are 5a(wt 10%) in mCP and 5b(wt 10%) in mCP as well as
5a(wt 20%) in mCBP and 5b(wt 20%) in mCBP. First singlet (S;) and
triplet (T;) levels were taken at set-on of PL and phosphorescence
spectra recorded at 77 K, respectively (Fig. 6D). PLQYs of solid films
were measured under air.

(So — S;and Sy — Ss for 5a; Sy — S, Sg — Ssand S, — S, for 5b)
corresponding to charge transfer (CT) from 3,6-di-tert-butyl-9-
phenylcarbazole to phenylpyridine-3,5-dicarbonitrile moieties
with contribution from the local excitations (Fig. S1, ESIt). The
calculated oscillator strengths of 5a and 5b at lowest energy
transition (S,) are 0.3233 and 0.0007, respectively, suggesting a
reduced wavefunction overlap between the donor and acceptor in
5b compared to 5a. The transition S, — 8, of 5b exhibits CT from
3,7-dibromophenothiazine to the acceptor with practically zero
oscillator strength due to the orthogonal geometry of the molecule
(Fig. S1, ESI?).

Neat films of 5a and 5b showed non-structured photolumine-
scence (PL) spectra with peak wavelengths of 502 and 598 nm,
respectively (Fig. 3C). The PL spectra of 5a and 5b were found to
be shifted in comparison to the PL spectrum of the film of
compound I apparently because of either their different dielectric
constants or aggregate formation."" Affected by cither the polarity
of the mCP host or aggregate formation,'® slight PL shifts were
observed for the doped films 5a(10 wt%):mCP and 5b(10 wt%):mCP
(Fig. 3C). Additionally, a low-intensity shoulder was observed in the
range of 400 nm to 500 nm in the PL spectrum of the film of 5b
doped in mCP. Thus, the PL spectrum of compound 5b results
from overlapping of at least two emission bands.

Solvatochromic measurements allow obtaining more informa-
tion on the emission nature of organic compounds. In case of
normal TADF, organic compounds exhibit CT emission which is
strongly sensitive to solvent polarity. Thus, non-structured emis-
sion spectra with a single broad band of the conventional TADF
emitters have to be broadened and have to be redshifted with the
increasing solvent polarity due to the CT character of the first
singlet excited state. Compound 5a was characterized by broa-
dened emission spectra from 78 nm of its full width at half maxima
(FWHM) for the solution in hexane to FWHM of 180 nm for the
solution in DMF. The PL intensity maximum was redshifted from
474 nm for the solution in hexane to 630 nm for the solution in
DMF (Fig. 3D). As a result, a high slope of 17072 em ' was
obtained by fitting in the whole range of the Stokes shift versus
solvent polarity dependence for compound 5a according to the
Lippert-Mataga solvatochromic model (Fig. S2a, ESIf). Such a
slope proved the strong CT character of emission of compound 5a.

In the case of dual TADF emitters, non-structured emission
spectra with two broad bands have to observed. Both bands
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have to be broadened and have to be red-shifted with increasing
solvent polarity due to the CT character of the first and second
singlet excited states being in disagreement with the Kasha rules
at the same time. The PL spectra of the solutions of compound
5b in low-polarity solvents (toluene and o-xylene) were recorded.
A band observed at 653 nm for toluene solution was shifted to
the wavelength of 661 nm for o-xylene solution allowing the
consideration of the CT character of the emission (Fig. 3E).
Additionally, a shoulder at ca. 510 nm was observed from which
the CT character of emission was not clear from the first glance.
The PL spectra of the solutions of compound 5b in solvents with
higher polarity were also recorded. The blue-shifted PL bands
were observed at 573 nm for DMF solution and at 600 nm for
DCM solution. This second band is different in nature from the
band observed at 653 nm for toluene solution. Since the second
band peaked at different wavelengths in the spectra of different
solutions, its CT character is evident. As a result, the Stokes shift
versus solvent polarity dependences can be obtained for two
bands, the fitting of which gives two slopes demonstrating
different CT characters of dual emission of compound 5b
(Fig. S2b, ESI?). It should be noted that the Lippert-Mataga fitting
for compound 5b gives certain error because of the overlapping of
the three bands. The nature of the shoulder at ca. 510 nm (the
third band) of the PL spectrum of THF solution of compound 5b
is not yet clear similarly to that of the toluene solution.

Taking into account the results of solvatochromic measure-
ments, which showed that the emission of compound 5b resulted
from the overlapping of three bands being different in nature
(thus, they should be characterised by the different PL decays),
these bands can be separated by time-resolved PL measurements.
The results of time-resolved PL measurements carried out for
toluene solution of compound 5b are presented in Fig. 3F-H and
Fig. S3 (ESI). The PL spectra and PL decays were recorded within
different time windows and using different time delays which
allowed the separation of the spectra of prompt and delayed
florescence. As a result, additional evidence that the total emission
(steady-state emission) of compound 5b resulted from overlapping
of three bands at ca. 500, 573 and 635 nm was obtained from
Fig. 3F, G and Fig. S3 (ESI¥). As seen from Fig. 3G, the most
intensive band at ca. 500 nm (prompt fluorescence) was observed
in the PL spectrum of toluene solution of compound 5b recorded
without delay after excitation. When different time delays were
used for cutting the prompt fluorescence at ca. 500 nm, the highest
intensities could be observed for the other bands (delayed fluore-
scence with the different PL decays) (Fig. 3G). The high-energy
band peaked at 500 nm belonged to fluorescence resulting from
the recombination of LE states. It is characterized by a single-
exponential PL decay in the ns range (Fig. 3H). Since other bands
peaking at 573 and 635 nm are characterized by double exponen-
tial PL decays, their emission can be regarded as a combination of
prompt and delayed fluorescence resulting from emissive recom-
bination of different excited CT states. The nature of delayed
fluorescence and the different excited CT states of compound 5b
will be discussed below.

In order to prove the nature of the emissions of 5b, the
cnergy diagrams of the excited states were proposed on the
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basis of TDDFT with implicit consideration of the environment
(THF and toluene) via the conductor-like polarizable conti-
nuum model (CPCM) (Fig. 4A and B). It is noted that the
theoretical values of the vertical excitation energies do not
match with the experimental ones obtained from PL spectra
of the solutions of 5b in THF and toluene. However, these
diagrams provide visualization of the possible characters of the
recorded PL bands. Three experimental PL bands were assigned
to the S;, S, and S; excited states. According to the CPCM for
the solution in toluene, the S; — S, and S, — S, transitions
involve CT, while the S; — S, transition is associated with CT
and LE (Fig. 4A). Because of incomplete internal conversion
(1), responsible for the transition from the higher to the lower
electronic state S; — S, — S, the most intensive PL band at
653 nm along with low-intensity bands at 573 nm and 500 nm
was observed (Fig. 3E and Fig. S3, ESI{). Calculations using
CPCM for THF solution revealed that the nature of transitions
at considered excited states differs from those obtained with
CPCM for toluene solutions. In this case, S; - S, and S; — S,
correspond to CT, while S, — S, is related to CT and LE
(Fig. 4B). It is assumed, that the most intensive PL band
observed at 600 nm for THF solution is attributed to emission
from S,. Despite the IC, the intensity of the PL band corres-
ponding to S, is very weak since the polarity of THF inhibits CT
emission.

To study the emission nature of 5a and 5b in more detail, PL
spectra and PL decays of the films of 5a and 5b dispersed in
mCP were recorded at different temperatures (Fig. 5A and B).
The PL spectra recorded at 77 and 300 K were found to be
similar showing similarity in fluorescence and phosphores-
cence spectra of 5a and 5b. As a result, small singlet-triplet
energy splitting (AEsy) was obtained for THF solutions of 5a
and 5b (0.1 eV and 0.04 eV, respectively) and for the film of 5a
doped in mCP (0.11 eV) (Fig. 5D). The broad PL spectrum of 5b
doped in mCP (Fig. 5D) is similar to that recorded for toluene
solution (Fig. 3E and F) confirming triple emission. Therefore,
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the AEsy of 5b doped in mCP cannot be determined. Long lived
fluorescence of compounds 5a and 5b was identified as TADF
since its intensity grew up with the increasing temperature
(Fig. 5A-C). Based on the time-resolved PL spectra (Fig. 3F and
G) and PL decays (Fig. 3H) of the solution of 5b in toluene, it
can be concluded that the solid solution of 5b in mCP shows
dual TADF corresponding to emissions from S; and S,. Different
shapes of PL decays were observed for the films of 5a doped in
mCP and of 5b doped in mCP because of the different nature of
emissions of 5a and 5b. Based on TDDFT it can be concluded that
TADF of 5a is related to CT from 3,6-di-tert-butyl-9-phenylcarbazole
moieties to phenylpyridine-3,5-dicarbonitrile units (S, — Sq),
while dual TADF of 5b corresponds to the CT transitions from
3,7-dibromophenothiazine moieties to phenylpyridine-3,5-
dicarbonitrile (S; — S,) and pyridine-3,5-dicarbonitrile units
(S, — Sy) (Fig. 4A and C).

Electroluminescence

Taking into account the TADF properties of 5a and 5b, they
were tested as emitters in non-doped and doped OLEDs. The
effect of the concentration of emitters 5a and 5b in mCP on
device efficiency was studied using the device structure of ITO/
HAT-CN(4 nm)/TAPC(40 nm)/mCP(8 nm)/5a (or 5b) (5, 15, 30,
or 100 wt%):mCP (24 nm)/TSPO1(4 nm)/TPBi(40 nm)/LiF:Al
Equilibrium energy diagrams and roles of functional layers of
OLEDs are given in ESIL7 Fig. S4. The highest maximum EQE
values and pure EL spectra from emission of 5a (5b) were
observed for non-doped devices (with 100 wt% of emitter
concentration) and for devices with high concentration of
cmitters (30 wt%) (Fig. 85, ESIF). Because of the host and
aggregation cffects,'® the maxima of EL spectra were found in
the range from 492 to 533 nm for devices with different
concentrations (5-100 wt%) of emitter 5a (Fig. $6, ESIT). Max-
ima of EL spectra of 5b-based devices were not shifted with the
increase of concentration of the emitter. This observation is
apparently related to the dual TADF emission of compound 5b

cr

excitation

emissiont

in toluene

s, 2.75 eVin e

CT+LE

emission I
emission il

in THF

Fig. 4 Energy diagram of the vertical excited states and their nature calculated using TD-DFT B3LYP(d,p) with CPCM in toluene of 5b (A) in THF of 5b

(B) and in both solvents of 5a (C) (TD-DFT B3LYP(d,p} level)
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total PL intensity {Fig. 4B) of the doped films of 5a and 5b at different

temperatures. PL and phosphorescence spectra {D) of the solutions of 5a and 5b in THF and of the solid solutions in mCP at 77 K

(Fig. 3B). Because of inefficient host — guest energy transfers
for 5a doped in mCP and 5b doped in mCP, low EQEs were
obtained for OLEDs containing the layers with low concen-
tration of emitters (5 and 15%) (Fig. S6, ESI¥). Since high turn-
on voltages of the devices were observed, further optimization
of device structures and thicknesses of functional layers was
required.

The modified devices had structure ITO/M00,(0.6 nm)/
NPB(35 nm)/mCP(6 nm)/5a (or 5b) (30 or 100 wt%):mCP
(25 nm)/TSPO1(6 nm)/TPBi(35 nm)/LiF(0.6 nm):Al (Fig. S1,
ESIT). Non-doped and doped devices n-5a, d-5a, n-3b, and
d-5b with light-emitting layers of 5a, 5a(30 wt%):mCP, 5b, or
5b(30 wt%):mCP were fabricated. Stable green and orange
electroluminescence was observed under different applied voltages
for the devices based on 5a and 5b, respectively (Fig. 6A and
Fig. 57, ESI{).

Slightly higher turn-on voltages were observed for devices
n-5a and d-5a in comparison to those of devices n-5b, and d-5b.
Such turn-on voltages are in good agreement with 1P values of
compounds 5a (6.09 eV) and 5b (5.95 eV). Higher energy barriers
in OLEDs based on 5a resulted in higher turn-on voltages in

comparison to those of 5b-based devices (Fig. 6B and Table 2).
The maximum brightness exceeded 30000 cd m™” for devices
n-5a and d-5a (Fig. 6B and Table 2). In contrast, devices n-5b and
d-5b showed ca. one magnitude lower maximum brightness
(>3000 ed m~?). This observation may be related to different
cfficiencies of the devices and/or to the different sensitivity of
human eyes to green and orange light. Non-doped device n-5a
showed a high maximum EQE of 8.1% (Fig. 6C). Since com-
pound 5a showed poor charge-transporting properties (Fig. S8,
EST}), the probability of hole-electron recombination within the
light-emitting layer 5a:mCP is apparently lower than 100%.
Indeed, the maximum EQE of the doped device d-5a was
improved up to 11.7% most probably due to the improvement
of hole-electron recombination probability in the emitting layer
by usage of bipolar host mCP taking into account that PLQYs of
doped and non-doped 5a-based films are similar (Table 1).
Despite close values of PLQYs of doped and non-doped 5b-based
films to those of 5a-based films (Table 1), ca. three times lower
maximum EQEs (3.1 and 3.2%) were obtained for devices n-5b
and d-5b (Fig. 6C). This result can partly be attributed to the poor
charge-transporting properties of compound 5b, the charge
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Fig. 6 EL spectra at 8 V (A); current density and brightness versus voltage (B); EQE versus current density (C) plots and life-times of the non-passivated

devices under air at constant 5V (D).
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Table 2 Electroluminescence parameters of the optimized OLEDs
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Von [V] at set EL maximum CEumaxs CE1g0s PE a0 PEjo0, EQE a0 EQE 100,
Devices 10edm ? at 5 vV [nm] CEjpon,” (cd A ') PEjgg0” (Im W ') FQE;g00” (%)
n-5a 4.9 515 28, 25,17 12, 11, 8.4 8.1, 8.0, 7.8
d-5a 4.6 523 40, 38, 30 24, 21, 16 11.7, 11.1, 10.7
o5a 3.9 512 55.9, 47.2, 37.1 3.9, 30.4, 18.0 25.0,15.2, 11.8
n-5b 4.4 588 6.5,6.0,1.2 3.7,2.8,0.6 3.1,2.8,2.6
d-sb 4.3 588 6.9, 6.1, 1.4 3.8,3.1,0.7 3.2,3.,2.7
o-5b 5.1 582 9.7,83,1.5 5.9,3.7,0.3 5,3.5, 0.6

¢ Current efficiency (CE ax, CE;g0, and CEyogo), power efficiency (PE,,.,, PE;q0, and PE;gqq) and EQE,;,,,, EQE;4p, and EQE, g, were taken at sets 10,

100, and 1000 cd m 2, respectively.

mobilities of which were out of the measurement range of the
TOF method (Fig. S8, ESI%). The different device efficiencies can
also be explained by the different nature of TADF of compounds
5a and 5b (Fig. 3-5). Energy transfer through IC from S, to S;
with quantum yields lower than 100% takes place in case of dual
TADF emission of compound 5b. This additional energy transfer
leads to both decrease of emission efficiency and extended
emission decay of compound 5b. This statement is supported
by extremely long PL decay of 5b reaching one millisecond
(Fig. 5A). The long emission lifetime of compound 5b can
enhance the probability of exciton-exciton and exciton-polaron
annihilations under electrical excitation,' which can lead not
only to low EQEs but also to low device life-times. Indeed, life-
times of devices n-5b and d-5b were considerably shorter than
those of devices n-5a and d-5a (Fig. 6D and Fig. S9, ESIT). The
data presented in Fig. 6D were recorded for non-passivated
samples under air conditions, thus it demonstrates the relative
life-times of the optimized devices. Nevertheless, it can be con-
cluded that devices based on dicyanopyridine bearing two kinds of
donors (3,6-di-tert-butyl-carbazole and 3,7-dibromophenothiazine)
suffer from lower device efficiencies and life-times in comparison
to those of OLEDs based on dicyanopyridine bearing multiple

3,6-di-tert-butyl-carbazolyl substituents. This result can be explained
by the formation of two kinds of CT states between phenylpyridine-
3,5-dicarbonitrile and 3,7-dibromophenothiazine as well as between
pyridine-3,5-dicarbonitrile and 3,7-dibromophenothiazine in com-
pound 5b leading to the prolonged emission lifetime. In contrast,
one-type of CT state of 5a can be formed between dicyanopyridine
and 3,6-di-tert-butyl-carbazole units inducing its relatively short
emission lifetime which is necessary for efficient and long-lived
devices.

In addition, to achieve close to 100% probability of hole-
electron recombination within the light-emitting layers of 5a
and 5b based devices, the electroluminescence properties of
TADF emitters 5a and 5b were additionally studied by exploring the
device structure ITO/HAT-CN(5 nm)/NPB(40 nm)/TCTA(10 nm)/
mCBP(10 nm)/5a (or 5b) (20 wt%):mCBP (50 nm)/NBPhen(30 nm)/
Lig(2 nm)/Al naming devices as o-5a and o-5b, respectively
(Fig. S4, ESI¥). 3,3'-Di(9H-carbazol-9-y1)-1,1"-biphenyl (mCBP), 2,9-
dinaphthalen-2-yl-4,7-diphenyl-1,10-phenanthroline (NBPhen), and
8-hydroxyquinolinolato-lithium (Liq) were used in the fabrication of
OLEDs o-5a and o-5b. Using multilayer HAT-CN/NPB/TCTA/mCBP
and NBPhen/Liq, efficient hole and electron injection/transport
respectively was achieved. This statement is supported by the same
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of the optimized devices o-5a and 0-5b.
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EL spectra observed at the different applied voltages which are
completely related to the emission of compounds 5a and 5b
(Fig. 7A and B). The trends of current density-voltage and
voltage-brightness dependencies of devices o-5a and o-5b are
in very good agreement with those of devices n-5a, d-5a and n-5a,
d-5a, respectively (Fig. 6B and 7C). Nevertheless, the optimiza-
tion of device structures allowed the improvement of maximum
EQEs up to 25% and 5% for devices o-5a and o-5b mainly due to
the improvement of hole-electron recombination (Fig. 7D).
Sixteen devices were fabricated in this work. The characteristics
for the most efficient one are given above. The other devices were
characterized by slightly lower EQEs of >24% as shown in
Fig. $10 (ESIT), for example. Apparently, “perfect” film morphology,
thus “perfect” interface properties for “perfect” charge injection
and charge balance within light-emitting layers were achieved in
the case of the best device with the untypical slope of the EQE
dependence (Fig. 7D). As the result, a maximum EQE of 25% was
achieved. For the pixel 1 (Fig. S10, ESI¥), the untypical slope was
not obtained but there is an artefact point at ca. 450 cd m 2.
Apparently, the artefact point at ca. 35 cd m * can explain the
untypical slope for the most efficient device (Fig. 7D).

It may be interesting to know how high EQEs can be obtained
for the emitters with relatively low PLQYs (Table 1). The given
PLQYs were measured under air without precise selection of
excitation wavelengths. Thus, PLQYs were affected by oxygen
quenching and by efficiency of formation of charge transfer states.
Light-emitting layers of 5a(20 wt%):mCBP and 5b(20 wt%):mCBP
were used for the fabrication of optimized OLEDs o-5a and o-5b,
respectively. PLQYs of these layers were found to be of 22 and 20%,
respectively. The measurements were performed using an integral
sphere in air at an excitation wavelength of 340 nm. PLQYs of
these two emitters and their doped films were found to be
relatively low in air since their TADF emission was partly quenched
by oxygen (Fig. S11, ESIt). In addition, much higher experimental
PLQY values of 35 and 44% were obtained when an excitation
wavelength of 390 nm was used. This observation is in agreement
with the results previously published in studies on TADF emitters
showing that low PLQYs (thus, disagreement between the theore-
tical and experimental maximum EQEs) can be obtained for TADF
emitters if their charge transfer absorption band is not directly
excited during PLQY measurements.”” Taking into account the
oxygen quenching and different excitation sources (optical and
electrical ones), a high EQE of 25% can be obtained despite
relatively low experimental PLQY values recorded. The maximum
EQE values of OLEDs depend not only on the PLQY of light-
emitting layers but also on the efficiency of exciton production
(100% in case of TADF). They also depend on the charge-balance
factor (it can be close to 100% for device o-5a) and the out-coupling
efficiency (it can be higher than 30% if there is molecular orienta-
tion within the light-emitting layer of 5a:mCBP).

Conclusions

Two multiple donor substituted dicyanopyridines with three
donors of one-type (3,6-di-tert-butyl-carbazole) or of two types
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(3,6-di-tert-butyl-carbazole and 3,7-dibromophenothiazine) in
their molecular structures were synthesized. The calculations
of the Cremer-Pople parameters led us to approve “E conforma-
tion in Cremer-Pople abbreviations, which means that pyridine
rings in 5a exist in a twist-conformation in the solid state;
besides, Cremer-Pople parameters for the pyridine cycle in 5b
also confirm a twist-conformation (S51 conformation on the
Cremer-Pople sphere). These compounds are characterized by
efficient green and orange thermally activated delayed fluore-
scence which results from the recombination of two intramolecular
charge transfer states. OLEDs with 3,7-dibromophenothiazine and
3,6-di-tert-butyl-carbazole containing emitters exhibiting dual TADF
showed low device life-times and a low maximum external effi-
ciency of 3.1 (for the non-doped device) and 5% (for the doped
device). OLEDs based on the 3,6-di-tert-butyl-carbazolyl multiple
substituted dicyanopyridine exhibiting normal TADF showed
relatively high device life-times and a high maximum external
cfficiency of 8.1 (for the non-doped device) and 25% (for the
doped one). Such device stability and efficiency effects are partly
related to ultra-long emission decay (up to milliseconds) which
can enhance the probability of exciton-exciton and exciton-polaron
annihilations under electrical excitation. Our further research
will be connected with the development of more sophisticated
compounds containing two or more dicyanopyridine moieties.
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Introduction

3,5-Dicyanopyridine motifs for
electron-transporting semiconductors: from
design and synthesis to efficient organic
light-emitting diodes¥

Karolis Leitonas, {® Brigita Vigante,® Dmytro Volyniuk, {# Audrius Bucinskas,®
Rasa Keruckiene, (2% Pavels Dimitrijevs, £° Tien-Lung Chiu, &<
Juozas Vidas Grazulevicius (2 *? and Pavel Arsenyan () +°

Proposing 3,5-dicyanopyridine motifs for the design of electroactive materials for optoelectronic
devices, three electron-transporting semiconductors are synthesised. The compounds are characterised
by high triplet energies of 2.68-2.79 eV, high glass-transition temperatures reaching 185 °C, ionisation
potentials of ca. 6 eV and electron affinities of ca. 2.7-2.9 eV. Two compounds show deep-blue
emissions caused by the relaxation of hybridised local and charge-transfer states. In contrast, another
compound with the additional carbazole donor unit demonstrates pure charge-transfer emission. The
compounds are characterised by different hosting properties causing very different efficiencies of
thermally activated delayed fluorescence (TADF) of the emitter 4,6-di(9,9-dimethylacridan-10-yl)-
isophthalonitrile (DACIPN). The different reverse intersystem crossing (RISC) rates and RISC activation
energies of DACIPN are in the ranges of 1 x 10°-1.7 x 10° s* and 26-34 meV, respectively. An organic
light-emitting diode based on the same TADF emitter and the newly synthesised host demonstrates a
maximum external quantum efficiency of 21.9% which is considerably higher than that (12.9%) of devices
based on the conventional host 33'-di(9H-carbazol-9-yl)-11'-biphenyl. Time-resolved electro-
luminescence study proves efficient emissive harvesting of triplets when a 3,5-dicyanopyridine-based
host is used.

breakthrough was reached in OLED technology through the
development of phosphorescent emitters, thus increasing their

Inorganic light-emitting diodes (LEDs) gained popularity due to
their high efficiency, long lifetime, and acceptable price.* In the
late 90s of the last century, organic light-emitting diodes
(OLEDs) started to compete and share the display and lighting
markets with LEDs partly due to their unique properties,
including optical transparency and flexibility.” At that time,
fluorescent emitters were used in OLED structures, limiting
their theoretical internal quantum efficiency (IQE) to 25% due
to the harvesting of only singlet excitons.? In 1999, a significant
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theoretical EQEs to 100%." It was achieved using phosphores-
cent noble metal complexes which convert singlet excitons to
triplet ones through the intersystem crossing process.” The
maximum external quantum efficiencies (EQEs) of phosphor-
escent OLEDs exceed 30%.° Green and red phosphorescent
OLED emitters are currently used in commercial OLED
products.” However, the lifetime and cost of blue phosphores-
cent noble metal complexes are still the limiting factors for
blue-emitting OLEDs. In 2012, it was demonstrated that the
theoretical IQE of 100% can be reached by employing singlet
and triplet excitons through thermally activated delayed
fluorescence (TADF).” TADF materials attracted the attention
of the scientific OLED community and industry. They contain
no heavy atoms and are less toxic. In addition, their synthesis is
more cost-effective compared with that of metal complexes. The
EQE of TADF OLEDs already exceeded 40%.” Such state-of-the-
art OLEDs were obtained using OLED hosts. The hosts allow
improving the hole-clectron recombination by ensuring charge
balance within light-cmitting layers. In addition, they allow

This journal is € The Royal Society of Chemistry 2023
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minimising emission quenching effects, such as concentration
quenching, singlet-triplet, or triplet-triplet annihilations, etc."®
Most OLED hosts are characterised by hole-transporting or
bipolar properties with higher hole mobility than electron
mobility at the same electric field."""** Meanwhile, the number
of electron-transporting OLED hosts is limited."’ To reduce this
limitation, we selected 3,5-dicyanopyridine as a molecular
building block with strong electron-accepting abilities for the
design of electron-transporting organic semiconductors.

The synthesis of 3,5-dicyanopyridine-based pharmaceutical
agents for medical applications was previously reported.'*™"®
For example, 3,5-dicyanopyridine units were found in the struc-
tures of highly potent adenosine A, receptor agonists.'*'?
Furthermore, 3,5-dicyanopyridine derivatives were developed
as non-nucleoside inhibitors selective to DNMT1, which main-
tains critical processes in DNA.'® From perspectives of medical
applications, the structural and electrochemical investigations
were performed for some 3,5-dicyanopyridines.'” ' However,
3,5-dicyanopyridine derivatives are not yet widely used in
optoelectronic devices. The only known examples are deriva-
tives of 3,5-dicyanopyridine which exhibited TADF and allowed
it to reach maximum EQEs of OLEDs up to 17.1%.%° The
charge-transporting properties of 3,5-dicyanopyridine-based
TADF emitters were not studied.

In this work, we estimated the applicability of 3,5-dicyano-
pyridine motifs in the design of compounds intended for
optoclectronic applications. Three derivatives of 3,5-dicyano-
pyridine were designed and synthesized. Their thermal, clectro-
chemical, charge-injecting, charge-transporting, photophysical,
clectrooptical, and electroluminescent properties were investi-
gated by exploiting various experimental and theoretical
approaches. The hosting properties of the compounds were
investigated using the TADF emitter 4,6-di(9,9-dimethyl-
acridan-10-yl)isophthalonitrile (DAcIPN) and compared with
those of the conventional host 3,3'-di(9H-carbazol-9-yl)-1,1'-
biphenyl (mCBP). TADF-based OLEDs with a maximum EQE
of 21.9% were fabricated. This EQE value is considerably higher
than that observed for mCBP-based TADF OLEDs (12.2%).

Materials, instrumentation
and methods

Unless otherwise stated, all reagents were purchased from
commercial 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 —
S123501) was used for column chromatography. 'H and
3CNMR spectra were recorded on a Bruker 400 spectrometer
at 400 and 101 MHz, respectively, at 298 K in CDCl;. The
"H chemical shifts are given relative to the residual CHCI;
signal (7.26 ppm), °C - relative to CDCI; (77.16 ppm). The
melting points were determined on a “Digital melting point
analyser” (Fisher), and the results are given without correction.
Mass speetra were recorded on a Waters Synapt GII Q-ToF
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UPLC/MS system instrument; infrared spectra were recorded
on a Shimadzu FT-IR spectrometer. Reagents and solvents were
purchased from common vendors such as ACROS, Fluorochem,
ABCR and others. Thermogravimetric analysis (TGA) was per-
formed on a TA Instruments TGA Q50 apparatus at a heating
rate of 20 °C min ' under a nitrogen atmosphere. Differential
scanning calorimetry (DSC) measurements were carried out on
a TA Instruments DSC Q2000 series thermal analyser at a
heating rate of 10 °C min ! in a nitrogen atmosphere.

Cyclic voltammetry (CV) measurements were performed
with an mAUTOLAB Type 111 galvanostat and a glassy carbon
working electrode in a three-electrode cell. The measurements
were carried out using 0.1 M tertbutyl ammonium hexafluoro-
phosphate as an electrolyte and anhydrous dichloromethane at
room temperature in a nitrogen atmosphere. The potentials
were measured against silver as a quasi-reference electrode.
Platinum wire was used as a counter clectrode. The potentials
were calibrated with the standard ferrocene/ferrocenium
(Fe/Fe™) redox system.

The ionisation potential (IPPE) was determined by electron
photoemission spectrometry. The samples for recording the
photoelectron emission spectra were prepared as a thin film by
vacuum deposition under 2 x 10”° mbar pressure onto cleaned
fluorine-doped tin oxide (FTO)-coated glass substrates. A nega-
tive voltage of 300 V was applied to the sample substrate.
A Spectral Product: 0 W deep UV deuterium light source
(180-400 nm) ASBN-D130-CM and a CM110 1/8 m monochro-
mator were used to illuminate the sample with monochromatic
light. A Keithley 6517B clectrometer/high-resistance meter was
connected to the counter electrode to measure the photocur-
rent flowing in the circuit under illumination. Energy scan of
the incident photons was performed while increasing the
incident photon energy. It was done by changing the wave-
length of the monochromator from 280 to 180 nm in 1 nm
steps. The photocurrent (contributed to dU/d¢) depends on the
incident light photon energy (hv). Therefore, the IPpz was
estimated as the intersection point of the extrapolated linear

1
part of the dependence (dU /dr)2= f(hv) and the hv axis.

Theoretical calculations

The ground-state geometries were optimized by using the
B3LYP (Becke three parameters hybrid functional with the
Lee-Yang-Perdew correlation)” functional at the 6-31G (d, p)
level in vacuum with the Gaussian program.

Firstly, the equilibrium conformer search at the ground state
was performed by using the MMFF (molecular mechanics force
fields) method, and then this geometry was used for further
optimization. The time-dependent DFT (TD-DFT) calculations
were carried out with the Gaussian 16 software package.
Molecular orbitals were visualized by using Gaussview.

The UV-Vis absorbance and emission spectra of the solutions
or the films of the compounds were recorded using Avantes
AvaSpec-2048XL and Edinburgh Instruments FLS980 spectro-
meters, respectively. The phosphorescence spectra of THF
solutions were recorded at a temperature of 77 K, with a delay
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time of 5 ms after excitation. The steady-state and time-resolved
temperature-dependent (at 77-300 K) photoluminescence (PL)
spectra of the thin films were recorded using an Oxford Instru-
ments Optistat DN2 cryostat cooled with liquid nitrogen. PL
decay curves were obtained using the PicoQuant LDH-D-C-375
laser (operating at a wavelength of 374 nm) as the excitation
source. PL quantum yields (PLQYs) were measured using
a dedicated integrated sphere (with an inner diameter of
120 mm) on an Edinburgh Instruments FLS980 spectrometer.

For the estimation of hole and electron mobilities of
vacuum-deposited layers of the compounds, the time-of-flight
(TOF) and charge extraction by linearly increasing voltage
(CELIV) methods were used. TOF experiments were performed
using the samples with the following structure: indium tin
oxide (ITO)/several pm thick organic layer/aluminum. Deposi-
tion of the samples was done under a vacuum deeper than 2 x
10 ° mBar. A laser (EKSPLA NL300, 355 nm wavelength) was
used as the excitation source in the TOF setup. Various positive
and negative external voltages (U) were applied to the samples
using a 6517B electrometer (Keithley) for the estimation of hole
and electron mobilities in the layers at the different electric
fields. A TDS 3032C oscilloscope (Tektronix) was used to record
the photocurrent transients of holes or electrons.

OLEDs were deposited layer by layer by vacuum thermal
evaporation in the structure ITO/HAT-CN [5 nm|/NPB [40 nm]/
TCTA [10 nm]}/mCBP [10 nm]/Emissive layer [50 nm]/nBPhen
[30 nm]/Liq [2 nm]/Al [100 nm]. ITO substrates were prepared
by 10 min treatment with a UV ozone cleaner and then
immediately transferred to a glovebox, quickly followed by the
QOcrlikon-Leybold UNIVEX 350G evaporator system vacuum
chamber. The deposition rate was controlled by the SQC 310
controller with two quartz crystal sensors. The deposition rate
of the organic layers was 0.5-0.8 A s %, while the aluminium
deposition rate was 1 A s~ %, After the deposition of the electro-
des, the OLED samples were encapsulated by glass caps with a
UV-curable epoxy resin. Electroluminescence and current den-
sity-voltage characteristics of OLEDs were estimated using a
McScience M7000 Auto /-V-L Test System. The measurements
of the electrical characteristics of the encapsulated OLEDs were
carried out at 25 °C under atmospheric conditions. The com-
pounds used for the fabrication of OLEDs were purchased from
Merck or Ossila and were used as received.

4,4'-(5-B; 1,3-phenylene)bis(2,6-dimethyl)-1,4-dihydro-
pyridine-3,5-dicarbonitrile (2). A mixture of 5-bromoisophthal-
aldehyde 1 (1.0 g, 4.7 mmol, 1 equiv.) and 3-aminocrotononitrile
(1.0 g, 12.2 mmol, 2.6 equiv.) in glacial acetic acid (3 mL) was
refluxed for 6 h. After cooling, the precipitates were filtered off
and washed with acetic acid and methanol, giving 2 (0.67 g, 30%)
as a white powder, which is used in the next reaction without
purification. "H-NMR (400 MHz, DMSO-dg): 9.60 (s, 2H), 7.39
(d, J = 1.6 Hz, 2H), 7.18 (t, ] = 1.6 Hz, 1H), 4.52 (s, 2H), 2.04
(s, 12H). MS (ES") m/z: 472 ([M + H]', 100).

4,4'-(5-Bromo-1,3-phenylene)bis(2,6-dimethylpyridine-3,5-
dicarbonitrile) (3). Compound 2 (0.67 g, 1.42 mmol) was
dissolved in glacial acetic acid (6 mL) at 60 °C. Sodium nitrite
(0.98 g, 14.20 mmol) was added portionwise at 60 “C, and the
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mixture was stirred for additional 15 min at the same tempera-
ture. After cooling, the mixture was diluted with water. The
precipitates were filtered off and purified by flash chromato-
graphy on silica gel (eluent : chloroform/petroleum ether/acetone/
methanol, 9:7:2:1 by volume), yielding 3 (0.55 g, 83%) as a pale-
yellow powder. M.p. 200 “C. "H NMR (400 MHz, chloroform-d):
7.90 (d, J = 1.6 Hz, 2H), 7.61 (t, ] = 1.6 Hz, 1H), 2.89 (s, 12H). MS
(ES") mfz: 468 (M + H], 100).

General method for the synthesis of PPDD, FPDD, and CzPDD

The mixture of 3 (187 mg, 0.4 mmol, 1 equiv.), tetrakis(tri-
phenylphosphine)palladium (0) (23.1 mg, 0,02 mmol, 0.05 equiv.),
and Cul (2.29 mg, 0.012 mmol, 0.03 equiv.) in 2 mL of DMF was
degassed with Ar. An appropriate ethynyl derivative (0.52 mmol,
1.3 equiv.) and 1 mL of triethyl amine were added, and the
mixture was heated under Ar at 90 “C overnight. The mix-
ture was poured on ice and extracted with dichloromethane
(4 x 30 mL). Combined organic layers were filtered through a
Celite pad and dried over Na,SO,. The solvent was removed
under reduced pressure, and the yellow powder was purified
by flash chromatography on silica gel (eluent:chloroform/
light petroleum/acetone/methanol 9:7:1:0 — 9:7:1:1 (by
volume). The obtained light-grey powder was crystallized from
the mixture of methanol/acetic acid.
4,4'-(5-Phenylethynyl)-1,3-phenylene)bis(2,6-dimethylpyridine-
3,5-dicarbonitrile) (PPDD). Yicld: 88 mg (45%); off-white solid,
mp > 200 °C. IR vy (film): 2228, 1600, 1559. "H NMR (400 MHz,
chloroform-d): 7.89 (d, J = 1.7 Hz, 2H), 7.60 (t, J = 1.7 Hz, 1H),
7.57-7.52 (m, 2H), 7.41-7.33 (m, 3H), 2.90 (s, 12H). "H NMR
(chloroform-d): 165.5, 154.0, 134.3, 133.8, 131.9, 129.1, 128.5,
127.8, 126.3, 122.2, 114.6, 107.3, 93.2, 86.7, 24.8. MS (ES') m/z:
489 ([M + HJ', 100). Anal. caled for C,HyNg: C, 78.67; H, 4.13;
N, 17.20; found: C, 78.30; H, 4.07; N, 17.03. HPLC: 96.7% (/ =
254 nm, RT = 10.89 min, Apollo C18-9 (4.6 mm x 150 mm),
mobile phase 40-95% acetonitrile + 0.1% H3;PO,4, 1 mL min *,
40 °C).
4,4'-(5-((4-Fluorophenyl)ethynyl)-1,3-phenylene)bis(2,6-di-
methylpyridine-3,5-dicarbonitrile) (FPDD). Yield: 154 mg (76%);
off-white solid, m.p. =200 “C. IR vy, (film): 2228, 1593, 1559.
"H NMR (400 MHz, chloroform-d): 7.87 (d, J = 1.7 Hz, 2H), 7.60
(dd, J = 1.7 Hz, J = 1.7 Hz, 1H), 7.56 - 7.51 (m, 2H), 7.10-7.05
(m, 2H), 2.90 (s, 12H). "*H NMR (chloroform-d): 165.5, 164.2,
161.7, 154.0, 134.3, 133.9 (d, J = 8.1 Hz), 128.0, 126.1, 118.3 (d,] =
4.1 Hz), 115.9 (d, J = 22.2 Hz), 114.6, 107.3, 92.4, 86.4, 24.8. MS
(ES") mfz: 507 (M + HJ ", 100). Anal. caled for C3,H,4FNg: C, 75.88;
H, 3.78; N, 16.59; found: C, 75.45; H, 3.70; N, 16.44. HPLC: 98.5%
(4 =254 nm, RT = 11.02 min, Apollo C18-9 (4.6 mm x 150 mm),
mobile phase 40-95% acetonitrile + 0.1% H;PO,, 1 mL min L
40 °C).
4,4'-(5-((4-9H-Carbazol-9-yl)phenyl)ethynyl)-1,3-phenylene)-
bis(2,6-dimethylpyridine-3,5-dicarbonitrile) (CzPDD). Yield:
123 mg (47%); off-white solid, mp> 200 "C. IR vy (film):
2228, 1595, 1559, 1514. 'H NMR (400 MHz, chloroform-d):
8.15 (dt, = 7.7, 1.0 Hz, 2H), 7.94 (d, J = 1.7 Hz, 2H), 7.83-7.75
(m, 2H), 7.64-7.60 (m, 3H), 7.31 (ddd, J = 8.1, 6.7, 1.4 Hz, 2H),
2.91 (s, 12H). "*"H NMR (chloroform-d): 165.6, 154.0, 140.4,
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138.4, 134.4, 133.7, 133.5, 128.1, 126.9, 126.1, 126.1, 123.6,
121.0, 120.4, 114.6, 109.8, 107.3, 92.4, 87.6, 24.8. MS (ES") m/z:
654 ([M + H]", 100). Anal. calcd for C,,H,,N;: C, 80.84; H, 4.16; N,
15.00; found: C, 79.13; H, 4.13; N, 14.67. HPLC: 97.7% (4 = 254 nm,
RT = 8.63 min, Apollo C18-9 (4.6 mm x 150 mm), mobile phase
40-95% acetonitrile + 0.1% H;PO,, 1 mL min *, 40 °C).

Results and discussion
Synthesis

Derivatives PPDD, FPDD, and CzPDD bearing two dicyanopyridine
motifs were synthesized starting with 5-bromoisophthalaldehyde
(1) (Scheme 1). Aldehyde 1 was treated with excess of aminocro-
tononitrile in refluxing acetic acid, yielding bis(dihydropyridine)
2, which has been oxidized to the corresponding bispyridine 3
with 10 equivalents of sodium nitrite in 83% yield. Next, the
desired ethynyl derivatives PPDD, FPDD, and CzPDD were
prepared in good yields under Sonogashira coupling conditions
in DMF/triethyl amine solution employing tetrakis(triphenylphos-
phino)palladium and copper iodide as catalysts.

Thermal properties
The thermal investigation of PPDD, FPDD, and CzZPDD was carried
out by differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA). DSC thermograms are presented in Fig. 1(a)
and Fig. S1 (ESI7). The thermal characteristics are listed in Table 1.
PPDD, FPDD, and CzPDD were found to be capable of glass
formation with high glass-transition temperatures falling k
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Fig.1 DSC curves of CzPDD (A) and TGA curves of PPDD, FPDD, and
CzPDD (B) (dashed lines represent 5% weight loss temperature)

Table 1 Thermal, electrochemical, and optical parameters of PPDD,
FPDD, and CzPDD including theoretically predicted HOMO/LUMO values

123 and 185 “C. This observation can be attributed to molecular

Br
Br
P a oN (7N N
N
O%/L)\io 0% ~ Y
HN ‘,/ cN NC/\ NH
1 \ 2 [

Scheme 1 Preparation of PPDD, FPDD, and CzPDD. Reaction conditions:
(a) aminocrotononitrile {2.6 equiv.), AcOH, reflux, 6 h; (b) NaNO; (10 equiv.),
AcOH, 60 °C, 1 h; (c) ethynyl arene (1.3 equiv.), (PhzP),Pd (0.05 equiv.), Cul
(0.03 equiv.), DMF, EtzN, 60 °C, overnight.
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Parameter PPDD FPDD CzPDD
Tnf, [€] —— 240/238 —i—
T [56) 139 123 185
T4, [°C] 319 332 149
Eonsetsox [V] 1.56 1.68 1.30
Eonscooxkerre’ [V] 1.12 1.26 0.90
Eonsctsrea [V, 1.40 1.43 1.42
Eonsetyrearesie” [V] 1.84 185 1.82
1P.,,° [eV] 5.92 6.06 5.70
EAcY, [eV] 2.96 2.95 2.98
Ef, [eV] 2.96 3.11 2.73
HOMO/LUMO", [eV]  —6.10/~2.31  —6.10/=2.35  —5.43/-2.36

“ Melting temperature at the first/second heating scan with a rate of
10 “C min ', N, atmosphere. * Glass-transition temperature at the
second heating scan. © 5% weight loss temperature at the scan rate of
20 °C min™%, N, atmosphere. “ Corrected values with the inner ferro-
cene standard. * IPyy (V) = Eynsevox(V) + 4.8.7 EA(€V) = EgnerrealV) 1
4.8. ¢ Calculated by the equation Eg = 1Py, — FAq. " Calculated using
the B3LYP/6-31G(d,p) method.

rigidity of the compounds. During the first and second DSC scans,
non-fluorinated derivatives PPDD and CzPDD showed no crystal-
lization and melting transitions, proving their amorphous nature.
DSC revealed the potential morphological instability of molecular
glass of compound FPDD. The second DSC heating scan of this
compound revealed after glass transition the exothermic signal of
crystallization at 210.5 °C and the endothermic signal of melting at
238 TGA curves of PPDD and FPDD are shown in Fig. 1(b).
At Jeast two stages of the thermal degradation were observed for all
three compounds. Their 5% weight loss temperatures fall in the
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range of 332-449 °C (Fig. 1(b)). The highest glass-transition
temperature and 5% weight loss temperature were detected for
compound CzPDD, which possesses a rigid carbazole moiety and
the highest molecular weight (Table 1).

Theoretical calcul and el I

I properties

The geometries and electronic structures of the target com-
pounds PPDD, FPDD, and CzPDD were studied using density
functional theory (DFT) with the B3LYP functional at 6-31G(d)
basis set.”* The visualized HOMOs/LUMOs are shown in Fig. 2.
In the optimized ground state geometries, the dihedral
angles of the electron-accepting unit 3,5-dicyanopyridine and
phenyl- (PPDD), 4-fluorophenyl- (FPDD), and phenylcarbazole
(CzPDD) units slightly differ (13 for PPDD; 56° for FPDD; 40°
for compound CzPDD).

The overall small dihedral angle values lead to a planar
geometry that results in high molecular orbital overlap, as is
observed in Fig. 2. The LUMOs of PPDD, FPDD, and CzPDD are
located mainly on the electron-accepting 3,5-dicyanopyridine
fragments and phenyl spacer. The HOMOs are dispersed
throughout electron-donating moieties including the triple-bond
linker with noticeable overlap over the phenyl ring in the cases of
compounds PPDD and FPDD and a spatial separation in the case
of phenylcarbazole-based compound CzPDD.

The calculated HOMO/LUMO values are presented in Table 1.
The HOMO values of PPDD and FPDD are both —6.10 eV,
indicating similar electronic structures and the lack of effect of
fluorine atoms. However, the higher HOMO values of compound
CzPDD indicate the stronger electron-donating nature of the
phenylcarbazole moiety than the phenyl groups in PPDD and
FPDD.

Electrochemical properties

Electrochemical properties of PPDD, FPDD, and CzPDD were
investigated by cyclic voltammetry (CV). The CV curves of

PPDD 1 FPDD 4 CzPDD 4,5 by
LUMO 23942 LUMO 2994~ Lumo 2%e’ %,
s
99, 9 ?
°
°
b ’
& ’
o9, P
PPDD
HOMO .

Fig. 2 Visualisation of theoretical HOMO and LUMO distribution of PPDD,
FPDD, and CzPDD
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Fig. 3 Cyclic voltammogram (A) of the DCM solution of 6 (scan rate i =
100 mV s™') and PE spectrum of the film of 6 (B).

PPDD, FPDD, and CzPDD arc shown in Fig. 3 and Fig. S2a, b
(ESI). The data are listed in Table 1.

All three derivatives showed irreversible oxidation and quasi-
reversible reduction processes in the potential range from —2.0 to
1.8 V. The carbazole moiety is known to oxidize at 1.2 V and form
a radical cation that tends to couple with either another radical
cation or a parent molecule, forming an extended n-electron
conjugated system.”® The stronger electron-donating ability of
the carbazole moiety resulted in a lower IP¢y value of compound
CzPDD, correlating well with the theoretical assumptions. The
clectron affinity values observed for all three compounds were
found to be comparable (2.95-2.98 ¢V).

For the film of compound CzPDD, the IP value was also
estimated by electron photoemission (PE) spectroscopy. Due to
the interaction between the molecules in the film of compound
CzPDD, the IPy; value (5.94 eV) was found to be slightly higher
compared to that (IPcy) obtained for the solution (5.70 eV)
(Table 1). Ionization potentials and electron affinities obtained
experimentally using CV and PE spectrometry are in good
agreement with the calculated HOMO/LUMO values.

Photophysical properties

Photophysical characterization of PPDD, FPDD, and CzPDD
was performed by UV-VIS absorption and photoluminescence
(PL) spectroscopies. UV-VIS absorption spectra of the solid
samples and dilute solutions (1 x 107> M) are shown in
Fig. 4(a) and Fig. $4 (ESI¥). The data are listed in Table 2.
Almost identical absorption spectra were obtained for compounds
PPDD and FPDD with the intensive peak at ca. 280-290 nm and a

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Normalised UV-VIS (a) and PL (b) spectra of solid films, toluene and THF solutions of PPDD, FPDD, and CzPDD with a concentration of 1 x 10> M.
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Table 2 Photophysical and pt 0N emission parary

rs of investigated compounds PPDD, FPDD, and CzPDD

J.bpy I Jopr, M FWHM, nm
Comp. Toluene/film LM slope, cm * 819 eV T1% eV Pps?, eV EPC, eV EAre’, eV
PPDD 296*/303*% 394/397, 472* 60/139 2851/21295 3.8 2.79 n/a 3.74 nfa?
FPDD 296*/303* 394/394 62/79 3264/21749 3.77 2.79 n/a? 3.83 nia?
CzPDD 333/335 439/488 83/121 21283 3.37 2.68 5.94 3.25 2.69

@ Singlet and triplet values taken from the interseetion with the bascline of high-cnergy edges of fluorescence and phosphoreseence speetra at 77 K.
? Tonization potentials (TPy;;) of the solid samples estimated by photoclectron emission in air; clectron affinity (EAp.) was calculated by TPy, — EgPt=
EAp.. © Optical bandgap taken from onset of the low-energy absorption band. “ Due to limitations of electron photoemission in air, the

instrumentation value was not observed.

noticeable shoulder at ca. 296 nm. Theoretically calculated UV
spectra (in toluene) indicate that this band originates from
Sy, — Ss excitation (Fig. S3, ESIY). This transition can be
attributed to HOMO — LUMO+4 transitions with high
and similar oscillator strength values of 1.0775 and 1.0773,
respectively. They are dominated by n-rn* transition of 3,5-
dicyanopyridine fragments.

Compound CzPDD, containing the phenyl carbazole moiety,
exhibited different absorption spectra. The high-energy band
peaking at ca. 290 nm shows overlapping of absorption of m-n*
transitions of both 3,5-dicyanopyridine moieties and the carba-
zole unit. In the range of ca. 300-340 nm, the less intensive
band with the visible maximum at ca. 333 nm was observed
(Fig. 4(a), and Fig. 3, ESIt). This band originates from the n-n*

This journal is € The Royal Society of Chemistry 2023

transitions of the carbazole moiety. At the wavelengths higher
than 340 nm, the tail or even shoulder at 352 nm (in the cases
of toluene and chloroform solutions of CzPDD) can be observed
(Fig. 4(a), and Fig. S3, ESI¥). This observation is mainly asso-
ciated with the intramolecular charge transfer (ICT) between
electron-donating carbazole and electron-accepting 3,5-di-
cyanopyridine moieties.>" *” The theoretical absorption spectra
were characterized by the excitation of several excited states
including Sp — Si6, So — Sz and Sq — S; (Fig. S4, ESIT). These
transitions can be attributed to the transition from the highest
occupied to the lowest unoccupied natural transition orbitals
(from HONTO to LUNTO) from the phenylcarbazole moiety
to the whole molecule. The oscillator strength values of these
transitions are 0.3085 and 0.3763, respectively. The quite
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high values of oscillator strength indicate no steric hindrance
between the molecular fragments, resulting in the increased
overlap of the orbitals.

There are no substantial differences in the absorption spectra
of different solutions and films of PPDD, FPDD, and CzPDD.
However, compounds exhibited an enhanced absorption tail at
wavelengths higher than 350 nm. The absence of notable shifts in
the absorption maxima as the solvent polarity varies indicates a
relatively nonpolar ground state of compound 6. However, the
effect of media polarity is well evident in the excited states. This
statement can be proven by the red shifts of PL spectra of the
solutions of compound CzPDD with the increasing polarity of the
solvents (Fig. 4(b)). PL spectra of toluene and tetrahydrofuran
(THF) solutions of CzPDD peaked at 439 and 560 nm, respectively,
due to the different dielectric constants of the solvents (2.38 and
7.58, respectively). As shown in Fig. 4(a), the dilute toluene and
THF solutions of PPDD and FPDD containing phenyl and fluoro-
phenyl functional groups, respectively, demonstrate very similar
deep-blue emission profiles (395-410 nm). Meanwhile, the emis-
sion of the spin-coated thin films is different. The films of both
PPDD and FPDD show PL spectra peaking at 392 nm, but the
shapes of the spectra are different. The film of FPDD shows a
usual emission spectrum of almost a Gaussian shape, while that
of PPDD shows a broad lower energy shoulder at 480 nm. Such a
shoulder can apparently be attributed to the excimer formation.
Excimer formation manifests as a broad and structurcless long-
wavelength band in the photo- or electroluminescence spectra.”®
PL decay curves of toluene solutions of PPDD, FPDD, and CzPDD
were recorded (Fig. 4(b)) They demonstrate that the emission is
fluorescence with lifetimes in the nanosecond range. No long-
lived components of PL decay curves were observed.

The triplet energy of organic electroactive compounds is one
of the main parameters in case selecting hosts for phosphor-
escent or TADF OLEDs.”” For the estimation of singlet and

View Article Online

Paper

triplet energies of PPDD, FPDD, and CzPDD, fluorescence
and phosphorescence spectra of their solutions in THF were
recorded at 77 K. Phosphorescence spectra were separated from
fluorescence spectra using a delay of 5 ms. The singlet and
triplet energies were taken from the intersection with the
baseline of high-energy edges of fluorescence and phosphores-
cence spectra (Fig. 4(c)). As is seen previously with steady-state
photophysics, compounds PPDD and FPDD showed the same
triplet energy of 2.79 eV. This observation is consistent with the
results of steady-state PL spectrometry measurements, which
revealed comparable properties of singlet and triplet states.
Compound CzPDD also showed a relatively high triplet energy
of 2.68 eV, whereas its singlet (3.37 eV) was lower than those of
compounds PPDD and FPDD. Considering high triplet energies
of PPDD, FPDD, and CzPDD, it can be presumed that these
compounds can be applied as hosts for different OLED emit-
ters. As is mentioned above, PL spectra of dilute solutions of
compound CzPDD are characterised by the strong bathochro-
mic shift from 439 nm for the low-polarity toluene solution to
560 nm for THF solution. The wavelength of emission intensity
maximum of the solid sample of compound CzPDD was
detected in the middle of those of toluene and THF solutions,
that is, at 487 nm. This observation encouraged us to investi-
gate solvatochromic properties in more detail. The absorption
spectra of the compounds demonstrated a relatively small
dependence on solvent polarity (Fig. S4, ESIT), while the wave-
lengths of emissions and their profiles were strongly dependent
on the polarity of media. The solutions of compounds PPDD
and FPDD containing phenyl and fluorophenyl groups in low-
polarity solvents exhibited only slight differences in emission
energy in low-polarity solvents. However, for the solutions in
highly polar solvents such as dimethylformamide (DMF) and
acetonitrile, the considerable bathochromic shifts together with
the widening of spectra were observed (Fig. 5(a)). The emission
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Fig. 5 Normalised PL spectra {a) of the solutions (1 x 107" M) of PPDD, FPDD, and CzPDD in the solvents of different polarities and the corresponding
Lippert—Mataga plots (b} of dependencies of the Stokes shifts A{v} on solvent orientation polarizability function A(f).
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intensity maxima of the solutions of PPDD and FPDD in toluene
were observed at 394 nm, while those of the solutions in DMF
appeared at 431 and 440 nm, respectively. The full width at half
maxima (FWHM) for the solutions of compounds PPDD and
FPDD in toluene was found to be 60 and 62 nm, respectively,
while those of the solution in DMF reached 91 and 93 nm,
respectively (Table 2). This observation indicates the possible
charge-transfer (CT) emission. Compound CzPDD, having a phenyl-
carbazole moiety, showed a linear dependence on solvent polarity,
which is typical for CT emission (Fig. 5(a)). The emission intensity
maximum of the solution of CzPDD in toluene was observed at
439 nm, while that of the solution in DMF was detected at
614 nm. The FWHM also increased dramatically from 83 nm for
the solution in low-polarity toluene to 225 nm for the solution in
polar DMF. This observation confirms intensive CT which occurs
due to well-balanced donor and acceptor interactions. The plots
of Stokes shifts A(v) versus orientation polarizability A(f) and the
fittings by the Lippert-Mataga equation are plotted in Fig. 5(b).*"

Compounds PPDD and FPDD exhibit non-linear plots. They
can be fitted by two linear functions for low- and high-polarity
solvents. Such a double-sloped dependence indicates the nat-
ure of hybridized local and charge-transfer (HLCT) states.’® The
relatively small slopes of 2851 and 3264 cm ™" were obtained for
compounds PPDD and FPDD, respectively, in the range of low
orientation polarizabilities of ca. 0.001-0.22. This fitting result
indicates that the emission is dominated by the relaxation of
locally excited states of PPDD and FPDD molecularly dispersed
in low-polarity media. At orientation polarizabilities higher
than 0.2, the fitting result shows high slopes of 21295 and
21749 cm . This observation can be attributed to CT emission
of the solutions of PPDD and FPDD in highly polar solvents.
The HLCT excited state character of emission is predominant
for the solutions of PPDD and FPDD in the solvents of inter-
mediate polarity such as THF and dichloromethane (DCM).
For the solutions of compound CzPDD, the linear dependence
of Stokes shift on orientation polarizability with a high slope of
ca. 21000 em ! is observed, suggesting CT emission.

The dominant “hole” - “particle” contributions of the NTOs
of the first three excited states for PPDD, FPDD and CzPDD
were theoretically calculated and are illustrated in Fig. 6. The
methodology of theoretical calculations corresponds to that of
the previously published theoretical investigation of the HLCT
state of the electroactive material.>'

PPDD and FPDD exhibit similar transition characters from
“hole” to “particle” in the S1 and S2 states as a degree of
balance between spatial separation and partial overlap of NTOs
is attained, indicating the existence of HLCT. However, CzZPDD
displays much stronger CT transition in the S1 and S3 states,
differing from the aforementioned compounds. Additionally,
the energy level diagram is presented (Fig. S5, ESIT). The large
energy gap between the S1 and S2 states is observed for all three
compounds, preventing efficient exciton relaxation. The energy
gap between the T1 and S1 states of PPDD and FPDD is still too
large and may prevent the triplet excitons from relaxing to the
S1 state by internal conversion. These results of the calculation
of the three excited states basically show the consistent

This journal is @ The Royal Society of Chemistry 2023
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Fig. 6 Natural transition orbitals (NTOs) of the first three singlet excited
states for PPDD, FPDD and CzPDD.

tendency with the experimental Lippert-Mataga plots obtained
for the studied compounds (Fig. 5(b)).

In addition, the PL spectra of the solid molecular dispersions of
compound 5 in the mixtures of hosts of different polarities were
recorded. Poly(methyl methacrylate) (PMMA) and bis[2-(diphenyl-
phosphino)phenyl] ether oxide (DPEPO) were used for the prepara-
tion of the mixtures of hosts of the different polarities (Fig. $6, ESIT).
Their dielectric constants are 3.0 (PMMA)* and 6.12 (DPEPO).* PL
spectra of the spin-coated films were characterized by two bands
(Fig. S6b, ESIt). The high-energy and low-energy bands can be
attributed to LE and CT emissions of compound 5, respectively. The
observed bands could be explained by some heterogeneity of the
mixture of hosts DPEPO and PMMA. In contrast, PL spectra of
compound 5 were characterized by a single band in the homo-
geneous mixture of DPEPO and PMMA obtained after annealing at
120 °C for 5 min (Fig. S6b, ESIT). The slight red shifts of PL spectra
of the dispersions of compound 5 in more polar host mixtures of
DPEPO and PMMA (with a high ratio of DPEPO) are the additional
sign of manifestation of HLCT emission of compound 5.

Hosting properties
It is widely known that the efficiency of emission of TADF
emitters is very sensitive to the nature of hosts used.**** To test
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the hosting properties of PPDD, FPDD, and CzPDD, the effi-
cient TADF emitter DACIPN was selected, mainly taking into
account the overlapping of the absorption spectrum of DACIPN
and emission spectra of PPDD, FPDD, and CzPDD in the solid
state (Fig. 4(a)).”® In addition, high triplet energies of PPDD,
FPDD, and CzPDD are expected to restrict loss of triplet energy
of DACIPN via triplet levels of the hosts. The hosting properties
of PPDD, FPDD, and CzPDD were compared with those of the
reference host mCBP.*”* PL spectra and PL decay curves of
DACIPN (10 wt%) molecularly dispersed in different hosts
PPDD, FPDD, and CzPDD and mCBP were recorded in air
and vacuum (Fig. 7(a), (b), and Fig. S7, ESIF). Slightly different
positions of PL spectra of the films that hosted DAcIPN were
observed. This observation indicates the effects of conforma-
tional and static dielectric disorders of hosts on the emission
properties of TADF emitter DACIPN, as was previously discussed
in more detail.*” The different intensities of delayed fluores-
cence of DACIPN molecularly dispersed in hosts PPDD, FPDD,
and CzPDD and mCBP were observed, indicating different
TADF efficiencies. The lowest intensity of delayed fluorescence
of DACIPN was detected when it was dispersed in host PPDD
(Fig. 7(b)). The different TADF efficiencies of DAcIPN can be
explained by the different singlet-triplet gaps (AEgr) of DACIPN
when it is dispersed in the different hosts. However, the AEsy
value of DACIPN is practically zero, as is seen from the PL and
phosphorescence spectra of DACIPN recorded at 77 K (Fig. 8(a)
and Fig. S8, ESIY). For the estimation of the hosting effects of
compounds PPDD and FPDD on the TADF cfficiency of DACIPN
in more detail, PL spectra and PL decay curves of the solid
solutions of DACIPN (10 wt%) in the different hosts (PPDD,
FPDD, and CzPDD and mCBP) were recorded at different
temperatures (Fig. 7(c), (d), and Fig. $9, ESIt). The results of
these measurements were used for the calculation of the rates
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Fig.7 PL spectra (a} and PL decay curves (b) of the solid solutions of
DAcIPN (10 wt%) in the different hosts (PPDD, FPDD, and CzPDD and
mCBP) recorded in vacuum. PL spectra (c) and PL decay curves (d) of the
solid solution of DACIPN (10 wt%) in host 5 recorded at the different
temperatures.
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Fig.8 PL and phosphorescence spectra {a) of the solid solution of
DACIPN (10 wt%) in host FPDD at 77 K and plots of kisc/kpisc versus
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FPDD, and CzPDD and mCBP.

of reverse intersystem crossing (kmsc) of DACIPN exploiting
previously published formulas.'® The details of calculations
and additional data (e.g., lifetimes of prompt (tpr) and delayed
(tnr) fluorescence, rates of prompt (kpr) and delayed (kpr)
fluorescence, and intersystem crossing rates (kisc)) are listed
in Tables $1-84 (ESIF). The TADF emitter (DAcIPN) was char-
acterized by very different ky;sc values when it was molecularly
dispersed in the different hosts (PPDD, FPDD, and CzPDD,
mCPB), that is, by 1 x 10° s~ for PPDD, 1.3 x 10°s~" for FPDD,
6 x 10° s~ for 6, and 1.7 x 10° s~ for mCBP (Tables S1-S4,
ESIT). The trend of kg values is the same as that of the
delayed fluorescence intensities of the solid solutions of
DACIPN (10 wt%) in the different hosts (PPDD, FPDD, and
CzPDD and mCBP) (Fig. 7(b)). This observation additionally
highlights the best hosting properties of host FPDD, which are
close to those of mCBP. The ksc and kgisc dependences on
temperature are plotted in Fig. 8(b). These dependencies were
used for the determination of activation energies of ISC
and RISC (EXC and EX'Y) according to the Arrhenius formula
k= A x exp(—Ey/kgT), where A is the frequency factor involving
the spin-orbit coupling constant, E, is the activation energy,
and kg is the Boltzmann constant.*’ The small EX'SC values of
26-34 meV were obtained for DACIPN molecularly dispersed in
the different hosts (PPDD, FPDD, and CzPDD and mCBP)
(Table S5, ESI%). Such EX'C values of DACIPN are in excellent
agreement with the AEsy data (Fig. S8, ESIY). The AEsy of
20 meV was also published for DACIPN.** Considering the
higher kgsc values of the molecular mixtures of DACIPN with
FPDD and CzPDD, it can be presumed that compounds FPDD
and CzPDD are more promising as OLED hosts than compound
PPDD.

Charge-transporting properties

Considering the potentially good hosting properties of
FPDD and CzPDD, charge-transporting and electroluminescent
properties were further studied for the samples of these com-
pounds. Charge-transporting properties of FPDD and CzPDD were
studied at room temperature by TOF and CELIV methods using a
diode-like structure ITO/film/Al with different thicknesses (d) of
the layers of the compounds.*? TOF photocurrent transients were
recorded for micrometres-thick vacuum-deposited films applying
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negative voltages to the ITO electrode (Fig. $10, ESIT). The TOF
photocurrent transients were found to be shorter at higher
voltages than at lower voltages, indicating the transport of
electrons. However, it was impossible to obtain transit times
at any voltages from the TOF photocurrent transients because
of the high dispersity of electron transport in the studied films.
Fortunately, the CELIV method is less sensitive to charge
transport dispersity.”” Dark-CELIV and photo-CELIV photo-
current transients were recorded at different slopes of the
voltage ramp (A = du/d¢) for the 100 nm-thick vacuum-
deposited films (Fig. S11, ESIT). Subtracting dark-CELIV from
photo-CELIV current transients at the exact duration of pulses
(Fig. 811, ESIF), the maximum for current transients resulting
from photo-generated charges extracted by the linear increas-
ing voltage can be recognised at times (fpeax), which is needed
for the calculation of charge mobility in CELIV measurements.
Using the formula e = 2/3-d*/(tpeax-4),"® electron mobility (1)
values were calculated at the different electric fields for the
layers of FPDD (d = 150 nm) and CzPDD (d = 200 nm) (Fig. $12,
ESIT). The compounds demonstrated close . values exceeding
1 x 107 em?> V' s ' at the electric fields higher than
10° v em . The relatively low p. values are apparently caused
by very twisted molecular structures of the compounds, which
may prevent LUMO-LUMO overlapping of the neighbouring
molecules (Fig. 2).

Fabrication and characterization of OLEDs

OLEDs were fabricated as the final experimental study. The
performances of hosts FPDD and CzPDD were investigated in
OLEDs with the following configuration: ITO/HAT-CN (5 nm)/
NPB (40 nm)/TCTA (10 nm)/mCBP (10 nm)/DAcIPN:Host
(50 nm)/NBPhen (30 nm)/Liq (2 nm)/Al. The energetical struc-
ture of OLEDs is shown in Fig. 9(a). The composition of the
emissive layer was 90 wt% of the host (compound FPDD in
device A, compound CzPDD in device B or mCBP in device C)
and 10 wt% of the emitter DACIPN (Fig. 9(b)). The abbreviations
HAT-CN, NPB, TCTA, mCBP, NBPhen and Liq are used for
1,4,5,8,9,11-hexaazatriphenylenchexacarbonitrile, N,N’-di(1-
naphthyl)-N,N’-diphenyl-(1,1"-biphenyl)-4,4-diamine, tris(4-carb-
azoyl-9-ylphenyl)amine,  3,3'-di(9H-carbazol-9-y1)-1,1'-biphenyl,
2,9-dinaphthalen-2-yl-4,7-diphenyl-1,10-phenanthroline and

A Sam 40nm10nm 10nm

Energy (eV)

‘75
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8-hydroxyquinolinolato-lithium, respectively. The vacuum-
deposited film HAT-CN was used as the hole injection layer,
NPB and TCTA were used as the hole-transporting materials
and the layer of mCBP was used as the electron-blocking layer.
NBPhen and Liq were used as the electron-transporting and
electron injection materials, respectively.

The electroluminescence (EL) spectra, EQE versus brightness
plots and current density-voltage-luminescence characteristics
for OLEDs with the investigated materials are given in Fig. 10.
The data are listed in Table 3. The EL spectra of devices A-B are
very similar with a peak at ca. 540 nm. The PL spectrum of the
reference OLED with mCBP as a host was blue-shifted and
peaked at 526 nm. Since the emitter DACIPN exhibits strong
solvatochromic properties,*® such a slight shift of EL is mainly
related to a different polarity of mCBP matrix compared to the
polarities of dicyanopyridine derivatives FPDD and CzPDD. EL
spectra of devices A-C are in good agreement with the PL
spectra of the corresponding light-emitting films (Fig. 6(a)).
The fabricated devices A-C were characterized by green EL with
slightly different CIE 1931 RGB colour space coordinates, which
are listed in Table 3 (Fig. 10(A)-(C), insets). The EL colours are
stable under different external voltages, demonstrating effi-
cient host-guest energy transfer.

Devices A-C demonstrated rather high maximum EQEs of
21.9, 8.6 and 12.2%, respectively (Fig. 10(b) and Table 3).
Furthermore, devices A and B with newly synthesized com-
pounds as hosts exhibited low turn-on voltages (Vo) of less
than 4 V.

Only device C, with commercial host mCBP, showed Vo
slightly higher than 4 V (Fig. 10(e)). Such low Vo suggests that
the overall OLED energetical structure was chosen correctly and
there were no apparent barriers for charges to overcome.
Interestingly, device A with FPDD as the host showed almost
twice higher efficiency than reference device C with mCBP
(¢f EQEmax of 21.9% vs. EQEmax Of 12.2%). Such different
EQE values of devices A-C most probably can be explained by
the better hosting properties of FPDD compared to those of
CzPDD or mCBP. Apparently, triplets can be more efficiently
harvested by emitter DAcIPN when it is dispersed in host FPDD
than in host CzPDD or mCBP. More intensive long-lived com-
ponents of EL decay curves can be expected for device A than

mCBP

Fig. 9 Energy level diagram of devices A-C and molecular structures (b} of the compounds used for the preparation of light-emitting layers of the

devices.
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Fig. 10 Normalised EL spectra {A)-(C) at ca. different voltages and EL decay curves (D) of devices A-C; current density and luminescence versus voltage

(E) and EQE versus luminescence (F) plots for devices A—-C.

Table 3 Electroluminescence characteristics of OLEDs based on the synthesized hosts

Device A

Emissive layer DACIPN (10 wt%): FPDD

Von (V) @ 10 cd m ¢ 3.76
CEnmaxy CErgo, CEqona” (cd A™Y) 43.2,39.7, 31.7
PEmax, PE10o, PE1goo” (Im W) 36.7, 27.8, 17.0

EQE sy EQE100, EQEs9007 (%)
Peak (nm)@1000° cd m

21.9,12.1, 9.5
540

FWHM (nm)@1000' cd 88
CIE (xy)@1000¢ cd m™2 (0.38, 0.58)

“ Turn-on voltage measured at an initial brightness of 10 ed m 2. ” ¢
maximum brightness, at 100 and at 1000 cd m .

RGB colour space coordinates taken at 1000 cd m™* of brightness.

for devices B or C. The trend of recorded EL decay curves of
devices A-C perfectly supports this presumption (Fig. 10(d)).
These results suggest that the newly synthesized dicyano-
pyridine derivative with the fluorophenyl group (FPDD) has
significant potential for the increase of efficiency of green TADF
OLEDs. In addition, the usage of host 5 is not limited to
the green emitters. Taking into account its high triplet level
of 2.79 ¢V, host FPDD can be applied for blue emitters with
emission wavelengths higher than ca. 450 nm. Considering its
values of HOMO/LUMO (6.06/2.95 eV), host FPDD can be used
for emitters with band gaps narrower than 3.11 eV. However, the
usage of host FPDD for deep-blue OLEDs should be excluded due
to its values of the lowest triplet level and HOMO/LUMO energy
levels. Furthermore, the next molecular design of hosts based on
the 3,5-dicyanopyridine motifs should be attributed to further
improvements in their electron mobility values.
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Jurrent q i
. ¢ Wavelengths of peaks of electroluminescence spectra./ Full width at half maxima. £ CIE 1931

B C
DACIPN (10 wt%): CzPDD DACTPN (10 wt%): mCBP
3.2 43

14.6,13.1,12.4 23.9,22.4, 18.8
14.8,10.4, 7.1 17.5,14.4, 9.6

8.6, 4.0, 3.7 12.2,6.7,5.6

542 526

86 78

(0.38, 0.57) (0.33, 0.58)

. © Power 4 External v taken at

Conclusions

Three derivatives of (1,3-phenylene)bis(2,6-dimethylpyridine-
3,5-dicarbonitrile) with the different substituents attached
to the phenylene moiety were designed and synthesized. They
are characterized by HLCT or CT emissions. Practically, iden-
tical triplet energies of 2.68-2.79 eV were observed for the
studied compounds from the onsets of phosphorescence
spectra of the frozen THF solutions. The compounds form
molecular glasses with high glass-transition temperatures of
123-185 “C. The compounds are characterized by high ioniza-
tion potentials (5.7-6.06 eV), comparable electron affinities
of ca. 3.0 eV, and similar electron mobility values exceeding
1 % 1077 em”* V™' 5% The compounds were used as hosts for
emitting layers of TADF-based OLEDs. The best performance was
observed for OLED containing 4,4'-(5-((4-fluorophenyl)ethynyl)-
1,3-phenylene)bis(2,6-dimethylpyridine-3,5-dicarbonitrile) as a

This journal is @ The Royal Society of Chemistry 2023
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host. The device showed a maximum external quantum effi-
ciency of 21.9%.
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