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INTRODUCTION

Organic compounds are the main building material of all living
organisms, including human beings. Besides their indispensable role in
biology, organic materials have penetrated into our everyday life as organic
light emitting diodes (OLEDS) used for a top-notch display technology. Apart
from the extensively growing OLED market, which is forecasted to reach
$214 billion by 2030,! organic materials remain very attractive for
applications in many other fields: photovoltaics, wearable technologies,
integrated sensors or intelligent labels.>® The popularity and extensive
research of organic optoelectronic field is mainly driven by the possibility to
easily manufacture devices on a rigid or flexible substrates (for example, by
printing), that would allow to reduce production cost and to obtain easily
integrated gadgets.®” Also, the employment of organic compounds is often
considered as a more green technological approach allowing reducing energy
consumption due to optimized low-temperature manufacturing processes and
the possibility to employ easily recyclable materials for both active layers and
substrates.® Finally, yet importantly, the properties of organic molecules and
thus the device functionality can be synthetically tailored with endless
prospect.

Many of organic molecules are fluorescent materials that emit light from
excited singlet states and thus the phenomenon of fluorescence has been
investigated for almost a century. The emission from triplet states (i.e.
phosphorescence) is usually not observable at room temperature due to spin-
forbidden T1> Sy transition and pronounced competition from nonradiative
deactivation pathways.® Consequently, triplets were long considered as “dark”
undesirable states. This changed significantly upon improvement of detection
techniques and introduction of organometallic complexes, that made triplet
states more easily accessible for research as well as for applications.®!
However, the limitations related to precious metal complexes, such as high
cost or biological incompatibility, encourage the development of novel pure
organic room temperature phosphorescent materials, where the phenomenon
of long-lived phosphorescence is realized due to sophisticated molecular
design and deep understanding of photophysical processes.*?

The precise manipulation of energy level alignment, (reverse)
intersystem crossing ((R)ISC) constants and (non)radiative excitation decay
rates (of both fluorescence and phosphorescence) is imperative to purposively
control processes between singlet and triplet states that allow to cover a wide
excited state lifetime range: from nanoseconds to seconds. The different
lifetimes of excited organic molecules are essential while considering the



possible application. For example, the employment of lone singlet states will
result in relatively short transient fluorescence lifetimes of
~ 10 s, that would be beneficial for probes, sensors or even light emitting
devices.’*®> The mixing of singlet and triplet states may produce such
processes as thermally activated delayed fluorescence (TADF) or triplet-
triplet annihilation with intermediate delayed fluorescence lifetimes of ~10¢ s
that may be of extreme importance while creating new generation OLED
devices'®!” or applying materials for imaging, photodynamic therapy or even
photocatalysis.'®° The ultralong excited state lifetimes at room temperature
resulting from excited triplet to ground singlet state emission may reach
several seconds and can be applied for security systems, information storage,
digital encryption, or optical recording devices.?°

One of the most fundamental factors that governs processes between
states of different multiplicities is the nature of electronic transition upon
excitation, or, in other words, electronic configuration of ground and excited
states. According to charge distribution before and after excitation, the
electronic configuration of states can be roughly divided into locally excited
(LE) and charge transfer (CT). The intramolecular CT-type molecules
typically contain electron donating (D) and electron accepting (A) fragments
that are usually connected through m-conjugated linkers.?! CT-type organic
molecules have been extensively studied throughout the years?>? and are
often considered as the key design strategy for many different application
fields due to the possibility to control their properties by synthetic approach
or by environmental parameters.?%:226 Recently, organic D-A compounds
experienced a major revival owing to its importance in developing the 3™
generation OLED devices, based on TADF concept.?’-! The phenomenon of
TADF relies on a on a small energy difference between excited singlet and
triplet states (4Egy), that is essential to facilitate efficient reverse intersystem
crossing.®? The employment of D-A structural combination appeared to be a
highly effective strategy towards creation of TADF active emitters as the
spatial separation between highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMOQO) orbitals results in minimized
AEgsr, more pronounced spin-orbit coupling (SOC), and thus, the increased
possibility for (R)ISC to occur.t62%30 On the other hand, this approach faces a
serious contradiction as the small orbital overlap will determine small
radiative rates of singlet states, that will result in decreased fluorescence (and
delayed fluorescence) quantum vyields. Consequently, the overlap between
HOMO and LUMO states needs to be precisely balanced.?’
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Clearly, the development of high-performance organic-based devices
requires a careful selection of molecular structures as well as detailed
understanding of the fundamental mechanisms and processes behind. The
employment of CT-type materials offers an extensive possibility to
manipulate singlet and triplet excited states both through environmental and
molecular-structure related parameters. The control of singlet or singlet and
triplet states, on the other hand, is an optimal tool to achieve the desired
excited state lifetimes for targeted applications.

Aim, tasks and novelty

As the understanding and the ability to purposefully manipulate
photophysical properties remain critical for intended development of organic
functional materials, this dissertation will be devoted to photophysical study
of different molecular series that possess intramolecular charge transfer. The
idea of this thesis is to reveal the conducted research in a manner representing
the complexity of molecular structures and (photo) excited state dynamics as
well as means to control it: going from employing only singlet states to
combining both singlet and triplet states for more advanced photophysical
processes. The first two series of novel CT-type materials employ only singlet
states and related photophysical processes, such as twisted intramolecular
charge transfer (TICT), dual-CT transitions in a single molecule or
intermolecular photoinduced electron transfer (PET). The third and fourth D-
A molecular series are created to realize TADF process, which requires the
employment of both singlet and triplet states with their careful energy
manipulation for small AEsr. The final molecular series are complex
compounds with extremely important higher-lying excited singlet and triplet
states for long and efficient afterglow demonstration.

Thus, the aim of the work is to study different CT-type molecular series
by combining different electron donating and accepting fragments in order to
understand and optimize their photophysical properties related to singlet
and/or triplet excited states and to provide a perspective towards applications.

In order to reach the main goal of this dissertation, several tasks were set:

1. To determine excited state properties (including singlet & triplet
states) with relevant processes and parameters by employing steady-
state and time-resolved experimental techniques in combination with
theoretical modelling in different sets of solvents and/or films, for
both oxygen saturated and degassed environments.
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2. To evaluate the control possibilities of photophysical properties by
comparing experimental results and to select the optimal molecular
structure as well as most appropriate molecular surroundings,
including solvents for samples in solutions or polymer matrix,
dopants, and the concentration for samples in films, for enhanced
performance of relevant processes.

3. To demonstrate the studied organic compounds for specific possible
applications, such polarity probes, cation or temperature sensors,
TADF-based OLEDs and information recording tags.

The novelty of the dissertation is based on newly synthesised organic
compounds and their characterization. All presented dissertation topics were
originally published in scientific journals, where new CT-type molecular
structures, processes and control possibilities were analysed and presented.
The dissertation is presented as a collection of articles based on five
publications with summarized results in Chapter 3.
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Statements of the dissertation

The TICT state formation in 1,8-naphthalimide (electron acceptor) —
dimethylaniline (electron donor) compounds, connected through two
types of linkers, determines the excited singlet state properties
dependence on the environmental factors. The variation of solvent’s
and polymer matrix’s polarity allows to differentiate competing
excited singlet state processes, i.e. dynamic solvation and twist
reaction.

Combination of two asymmetric electron donating branches to purine
core through triazole linkers allows to create D-A-D’ type molecule
with independent dual-band CT fluorescence, which can be further
controlled by the strength of electron donors, polarity of the
environment and by complexation with metal ions.

The TADF properties in materials with benzophenone-derived
electron acceptor linked with multiple carbazolyl units are determined
by non-radiative decay of triplet excitons which can be suppressed
through chemical substitution of loose phenyl moiety with methoxy
group.

The TADF properties in carbazole-naphthyridine-carbazole (D-A-D)
compounds are determined by the strength of charge transfer
character between D and A units, which can be sterically controlled
by an additional methyl substitution.

The lateral substitution of polycyclic diboraanthracene scaffold
(electron acceptor), together with weak transversal electron-donating
mesityl groups, ensures the optimal molecular properties for (reverse)
intersystem crossing and long-lived triplet states in a rigid polymer
matrix for organic ultralong room temperature phosphorescence and
persistent TADF (i.e. emission afterglow) with properties tuneable by
molecular structure, sample concentration, rigidity, and temperature
of the environment.

13
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1. LITERATURE REVIEW

The literature review starts from the discussion on fundamentals of
molecular spectroscopy that is essential to understand and employ more
advanced photophysical processes. Then, a brief introduction representing
different electronic nature of excited states is provided. The further discussion
continues on presenting the possibility to employ and control singlet and
triplet excited states in CT-type molecules by considering several different
photophysical processes, related to the thesis.

1.1 Most important parameters of photophysical processes

The control of spectroscopic molecular properties is mostly related to the
control of the key photophysical parameters, that are well reflected in an
iconic Jablonski diagram.83 The extended version of Jablonski diagram in
terms of photophysical processes is given in Figure 1 as an energy level
diagram.®** The most important controlled parameters of spectroscopic
molecular properties are listed in Table 1.

K®)1cs
VR
S, — -
kIC m
VR k kic
T =
ks " ke ¢ S KRriC
k TTADF
r knl T1 - -
TFL T
KL, ks
TPH
So —— ..

Figure 1. Energy level diagram depicting main photophysical processes in
organic molecules.
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Once molecule absorbs light, it is excited to the vibrational level of a
singlet state S; or Sy. The absorption takes place almost instantaneously in 10-
15 s, that, according to Franck-Condon principle, is too fast for the
displacement of the nuclei. Subsequently, the molecule will relax from a
higher vibrational level to the lowest vibrational level of S, and subsequently,
the internal conversion (IC) to S: will take place. The S; de-activation
channels can be radiative (fluorescence) or non-radiative: IC to So or
intersystem crossing (ISC) to triplet states.® One has to note that there are
alternative quenching mechanisms that may determine the efficient non-
radiative excitation relaxation, such as conical intersection, isomerization,
electron and proton transfer or additional mechanism involving interactions
with other molecules (triplet-triplet or singlet-triplet annihilation, energy
transfer, excimer or exciplex formation, quenching by oxygen or humidity
etc.).®* However, in this section IC to So and ISC will be mostly referred.

According to the Kasha’s rule, photon emission occurs only from the
lowest excited state of a given multiplicity.*® The physical background of this
rule is the close alignment between S; and S, states (that is also applicable for
triplet states, as discussed below). However, even if this rule describes the
majority of fluorescent materials, it is worth mentioning that there have been
many examples of observable emission from higher-laying excited states (the
classic example is an azulene molecule).3¢

The emission of a photon from S; takes place in a similar time scale as
absorption (~10%° s). However, the excited molecule stays in S; for a certain
period of time before emitting a photon, which is defined as a lifetime of Sy,
or more often as fluorescence lifetime tz;. The fluorescence lifetime, in fact,
reflect both, radiative and non-radiative excitation de-activation processes as

per 1.1 expression:834
1

" kptkny

TpL (1.1)

where k,. and k,,,- are radiative and non-radiative excitation deactivation rates
for singlet state, respectively.

The non-radiative rate for S;> S, transitions, if other quenching factors
are absent or insignificant, is:®

knr = kic + kisc, (1.2)

where k;c and k;sc represent rates of internal conversion and intersystem
crossing, respectively.
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The quantum vyield (QY) of a process (e.g., fluorescence) as well as
lifetimes (and consequently, the radiative and non-radiative rates) are usually
the most important characteristics to describe a fluorophore. Specifically, the
fluorescence quantum yield is a ratio of the emitted photons to absorbed
photons or the fraction of molecules that decay radiatively, as expressed
below:

b = (1.3)

T kptkny

As already mentioned, one of the possible non-radiative transitions for
singlet states is ISC to triplet states, that requires the spin change and results
in the excited orbital having the same spin orientation as the ground state. Due
to this reason, the ISC from S; to Ty, as well as ISC from T; to S (i.e.,
phosphorescence) are considered to be forbidden.® It is well known that ISC
can be promoted by incorporating heavy atoms (I, Br, etc.) or metal ions (e.g.,
Ir¥* or Ru?* complexes) in the molecular structure.®”*® In fact, it was shown
that 1SC may occur in (sub)picosecond time scale even for molecules
composed only of light elements, including heteroatoms.3%4° Thus, ISC can
efficiently compete with fluorescence or even IC, meaning that ISC can take
place from higher excited singlet states. The mechanism responsible for
crossing between states of different multiplicities is coupling between the
orbital magnetic moment and the spin magnetic moment, i.e. spin-orbit
coupling (SOC). The extended discussion on the SOC and its importance will
be provided in the upcoming sections.

When T, is populated, again, the IC to the lowest vibrational level of T,
is expected, that would ultimately result in phosphorescence (T12>So
transition) or thermal energy losses. Phosphorescence itself has a very low
radiative rate and is usually not observable in solutions due to numerous
possible collisions with solvent molecules during the lifetime of lowest triplet
state and thus, the promoted vibrational relaxation to Se.2 On the other hand,
the rigid environment or low temperature reduces the non-radiative
phosphorescence deactivation rate and if external quenchers are absent, such
as oxygen or humidity, the phosphorescence may be observed and can last up
to seconds and more.® The phosphorescence lifetime as well as its quantum

yield can be expressed analogous to fluorescence:

1

Tpy = m (1.4)

and

ki
bpy = drsc X WT+kL, (1.5)
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where kI and kT, are radiative and non-radiative phosphorescence decay
rates, respectively, and ¢,gc is a quantum efficiency of intersystem crossing
from singlet to triplet states.

The efficiency of ¢,s. can be defined as:*

brsc = kisc X Tpn. (1.6)

In the case of reasonable SOC between S, and T, as well as a small energy
gap (4Egp) between these two states (usually <200 meV), the internal
conversion may start to compete with intersystem crossing from triplet states
back to singlet states, which is referred to as reverse intersystem crossing
(RISC).* It is now well understood that RISC will occur between states with
different molecular orbitals as per El-Sayed’s rule,** meaning that if S; and T
are both of the same electronic nature, the intermediate state of different nature
close to S1 and T, will be required.** Thus, reverse internal conversion (RIC)
prior to RISC will then take place. The definition of RISC efficiency, again,
can be expressed through respective rate constants:*

k
brisc = —RE (1-7)

krisc+kl+kl,

Once singlet states are thermally populated from triplet states, the
delayed fluorescence, known as thermally activated delayed fluorescence
(TADF), may be expected with lifetime between hundreds of nanoseconds to
hundreds of microseconds. The QY of TADF will be defined by all included
processes:

brapr = Grisc X GrL X Pysc- (1.8)

If energy gap between T, (n>1) and T, (M>1) is large enough, the IC
from Tr, to T, can start to compete with RISC from T, back to singlet states.
In the case IC for Tn>T, transition is fully forbidden, and RISC is fast
enough, the immediate transition back to higher lying S, (n>1) states may be
observed. This kind of process is referred to as hot exciton mechanism.%

Up to now, the reader may have already noticed that the photophysical
processes are mostly defined by the competition between their rates, that
mainly depend on the energy level alignment and their electronic nature as
will be discussed in the upcoming section.
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Table 1. Main tuneable parameters that define spectroscopic properties of
organic molecules.

Absorption wavelength Augs Phosphorescence lifetime Tpy

- - Phosphorescence
Molar extinction coefficient € - L kI, KT,
radiative/non-radiative rates T

Phosphorescence quantum

Fluorescence wavelength A .
g Fl yields bpy
_— Spin-orbit coupling matrix
Fluorescence lifetime TFL P pling SOCME
element
Fluorescence radiative/non- k., Singlet-Triplet energy
o . AEgr
radiative rates Koy difference
. Lifetime of delayed
Fluorescence quantum yield | o¢g fluorescence TpF
. Delayed fluorescence
Intersystem crossing rate k ..
y g Isc quantum efficiency bor
Reverse intersystem crossing
rate Krisc
Phosphorescence
Wi APH
avelength

1.2 Molecular orbital distribution: LE & CT states

One of the most important factors affecting spectroscopic properties of
organic molecules, which is not reflected in a Jablonski diagram, is the nature
of electronic transition. According to the charge distribution in the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO), the excited states can be denoted as locally excited (LE) or
the intramolecular charge transfer (CT) states. In the case of LE states, the
distribution of electrons and holes before and after electronic transition are
roughly the same. The LE type transitions are characteristic to conjugated
rigid molecules, such as naphthalene,*® perylene,” anthracene,*® etc. In
contrast, for CT states the motion of electron charge from one molecular
orbital to another will be induced upon photoexcitation so that the initial and
final orbitals will be separated in space. Typically, CT states appear for
molecules bearing electron donating (D) and electron accepting (A) fragments
that are usually connected through m-conjugated linkers.?! Figure 2 provides
several examples of most common D and A units and linkers.82124:49.50
Nevertheless, some of molecules (or fragments) may act both as electron
donors and electron acceptors in different molecular combinations. The most
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important factor is their oxidation-reduction potentials in a combined
molecular structure.5?

Electron Electron n-conjugated
donors acceptors linkers
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Figure 2. Examples of most widely used electron donors, electron acceptors
and n-conjugated linkers in intramolecular charge transfer compounds.

The higher overlap of HOMO and LUMO wavefunctions will determine
the higher oscillator strength of the transition and thus, high fluorescence
guantum yields up to 100% can be expected for LE-type molecules in the
absence of other non-radiative de-excitation channels. The separation of
HOMO and LUMO orbitals will typically determine the reduced oscillator
strength, lower fluorescence quantum yields and prolonged fluorescence
lifetimes due to pronounced k,,,..3+52 However, the CT-type molecules remain
of an extreme importance in organic optoelectronics and are often the key
design strategy for many different application fields due the possibility to
control their properties by both molecular structure and environment
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parameters.?%?426 Figure 3 summarizes the most popular approaches to
control properties of intramolecular CT molecules.

Molecular geometry

Selecting electron acceptor Number of substituents and their position

Selecting electron donor
m-Conjugated linker

Ridid . | The control

igidity of sample

giaity P Ofrt' Additional structural units

PIEEEINEE (i.e., for recognition, flexibility etc.)
Viscosity
Other (i.e., pH...)
Temperature .
Polarity

Oxygen saturation

Figure 3. The illustration of possibilities to control photophysical properties
of CT-type molecules mainly through molecular structure (grey arrows) or
through environmental parameters (blue arrows).

Many different configurations of electron donating and electron
accepting subunits can be realized in a molecular structure, such as D-A, D-
A-D, D-A-D’, A-D-A, A-A-D, etc.2! In some cases, the unusual combinations
can result in unexpected, though, advantageous properties. The dual emission
from two CT states in D-A-D’ systems was demonstrated for 3™ generation
OLED emitter caused by intramolecular and intermolecular CT due to
exciplex formation® or due to different conformers.>* Also, it was shown that
two independent CT emitting states can exist in one molecular system and can
be attributed to D—A and A-D’ moieties and are controlled by conformations
and stabilized by the polarity of the surroundings.

It should be mentioned that recent research (especially 3 generation
OLED devices) has broadened the classic knowledge and understanding about
CT states by introducing molecular structures for hybridized local and charge
transfer (HLCT) states, where the lowest excited state possesses LE and CT
characters simultaneously due to strong state mixing.%® Furthermore, HOMO-
LUMO separation may result from multiple resonance effect, without a
conventional electron donor-acceptor structure, that is also extremely
beneficial in terms of TADF emitters as high photoluminescence (PL)
quantum yields in combination with narrow PL spectra can be obtained.’
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1.3 The employment of singlet states in D-A type molecules

So far it was discussed that the most crucial part to create the molecular
system with desired properties is to select the appropriate electron donating
and electron accepting substituents, w-conjugated linker, and the substitution
position. These selections will determine molecular geometry, or more
generally, molecular orbital distribution and their interaction. Additionally,
the recognition groups that would be able to complex with desired analytes
may be chemically introduced into molecular structure.

In the context of this thesis, two completely different photophysical
processes will be introduced that may be used as a tool or design principal to
control properties of singlet states: twisted intramolecular charge transfer and
photoinduced electron transfer. Finally, the most common applications of CT
molecules by employing their singlet states will be shortly reviewed.

1.3.1 Twisted intramolecular charge transfer (TICT)

The perpendicular configuration of D and A fragments against each other
may be classified as twisted intermolecular charge transfer state (TICT). TICT
states undergo the full charge separation as twisting around the single bond
leads to the deconjugation of electron donor and acceptor excited states.
Originally, TICT was first proposed and rationalized by Grobowski et al. to
explain  the  extraordinary  photophysical  behaviour of  4-
(dimethylamino)benzonitrile (DMABN) compound resulting in the dual
emission, discovered by Lippert et al.?4° According to authors, the dual
emission originates from both, LE and TICT states, where dimethylamino
group is perpendicularly twisted against phenyl ring (see Figure 4 for the
illustration). The topic concerning the photophysical processes of DMABN
upon excitation gained the tremendous interest among scientific community
which lasts to this day.%® It was concluded that the excited state dynamics of
DMABN is rather complex and cannot be rationalized by a single time
constant and, consequently, the simplified two-state model needs to be
clarified. Specifically, it was shown that within few hundred femtoseconds
after the photoexcitation, the CT state with small twist angle is formed from
LE state and directly from S,. Then this partially twisted CT state undergoes
further relaxation to reach the TICT state, which additionally can be accessed
directly from LE state.5°
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Figure 4. The schematic illustration of LE and TICT states formed in classic
TICT molecule DMABN. Adapted from 22,

Considering other molecules with a TICT character and this process in
general, there has been several attempts to rationalize the twisting dynamics
and to predict whether TICT reaction will take place in a given molecular
design.® It is generally accepted that TICT can occur due to dipole solute-
solvent interactions as the TICT state is better stabilized by a polar solvent.
Intuitively, the TICT can be predicted by selecting electron donor with a low
ionization potential and electron acceptor with a high electron affinity and the
appropriate linker between these two groups.®® If TICT is favourable in the
molecular system, it is more likely to occur in non-viscous, polar solvents due
to unrestricted molecular motions and better stabilization of polar charge
transfer states.5! In addition, some of the literature points towards the pre-
twisted molecular geometry as it may promote more efficient TICT
formation.®? In many cases the prediction of TICT is sophisticated and many
molecules with D-A groups will not necessary show TICT character.
Theoretically, the transition from LE or CT state to TICT state can be
modelled by evaluating the potential energy surface of S; as a function of the
twist angle by employing appropriate computational methods. %6364

Besides of before mentioned classification of CT states as PICT and
TICT, more categories can be found in the literature, such as partially twisted
charge transfer states (pTICT) or, less popular, rehybridized charge transfer
states (WICT) and others, mostly related to the historical discussion on the
photophysics of DMABN.5® Recently, the new charge transfer and separation
process was discovered, named as twisted intramolecular charge shuttle
(TICS).%5 In TICS compounds, the dialkylated amino group (or aniline) acts
as an electron withdrawing group upon light absorption, however, after
rotating by approximately 90° it starts to act as an electron-donor. Apparently,
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this concept is applicable to several families of well-known fluorophores, such
as coumarin, BODIPY and rhodamine.56.67

1.3.2 Photoinduced electron transfer (PET)

Photoinduced electron transfer (PET) is one of the most fundamental
processes in physics, chemistry, and biology and has been extensively studied
throughout the years. The main contribution to electron transfer theory has
been introduced by R. A. Marcus, first formulated as early as in 1956.%
However, here only very basic aspects of PET mechanism will be mentioned,
avoiding deeper explanations of the mentioned Marcus theory.

PET occurring from an electron donor (D) to an electron acceptor (A)
determines the charge separation as donor radical cation and the acceptor
radical anion are formed. PET itself can be an intramolecular process,
meaning that D and A coexists in the same molecule, or intermolecular
process between different molecules. The appearance and properties of PET
are regulated by the electrochemical and excited state properties of the
acceptor and donor moieties, including their energy level alignment.5®7°
Importantly, the proximity of D and A is needed, meaning that in the case of
intramolecular process, the short spacer/bridge would be preferable, while in
terms of intermolecular PET, high concentrations are essential. The presence
of intra- or intermolecular PET usually determines the fluorescence quenching
as fluorescence quantum yields and fluorescence lifetimes are decreased. As
it is typical for many photophysical and/or photochemical processes, PET
occurrence is competing with radiative and non-radiative deactivation
channels, including IC, ISC, quenching through dark states or other energy
transfer processes.5°

PET mechanism can be oxidative or reductive, depending on whether the
transfer of electron occurs between LUMO or HOMO levels. In the case of
oxidative PET, the electron donor is excited and subsequently electron is
transferred from the LUMO of D unit to the LUMO of A unit (Figure 5 a).
During the reductive PET, the excited electron acceptor leads to an electron
transfer from the HOMO level of D to HOMO of A (see Figure 5 b).870.7
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Figure 5. Oxidative (a) and reductive (b) photoinduced electron transfer and
its energetical alignment requirements. Adapted from &,

The possibility to control the presence or absence of PET in the same
molecular system through structural, conformational, or environmental
factors, such as complexation with targeted analytes, led to the unprecedented
popularity of PET-based fluorescence sensors and switches.”>’> In terms of
fluorescence sensors, the fluorophore is often an electron acceptor, while
electron donating subunit may act as receptor, capable of binding the selected
analytes.’® The typical scheme for PET-based fluorescence sensor with its ON
and OFF states along with respective energy diagrams are given in Figure 6.
Even though the innumerable quantity of PET driven applications have been
presented (see the next section for more examples), the attribution of latter
mechanism is often based on fluorescence quenching and the feasible D and
A energetical alignment. However, for the precise proof of PET existence and
for the determination of its rate, the time-resolved spectroscopy analysis is
required, which allows to determine the radical ion spectra.®®
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Figure 6. The scheme of PET-based fluorescence sensor, containing
fluorophore (electron acceptor) -spacer — receptor (electron donor) design, in
OFF and ON states (a). The binding of targeted analyte (TA) with the receptor
may cause the decrease of its HOMO energy and thus, the prohibition of PET.
The respective frontier molecular orbitals to OFF and ON states (b). Adapted
from 69,77,

1.3.3 Applications

The relatively simple concept that governs CT (and TICT) processes,
especially considering the singlet states, determined the creation of the
countless number of new functional materials. The explicit dependence of
such kind of compounds to the environment properties (polarity, viscosity,
etc.) encourage for the straightforward applications, such as probing and
sensing the targeted parameters or analytes, and labelling (fluorescence
imaging).

The dependence of CT properties on environment’s polarity, which is
usually expressed in a red shift of fluorescence spectra as well as in the
alterations of its intensity, is employed to probe the polarity in vitro (for
example, solvent, material or protein polarity) and in live systems
(mitochondrial, lysosomal, endoplasmic reticulum polarity).”® The wide
chemical possibilities to incorporate the recognition group into D-A structure
as well as the complexation ability of some atoms (for example, nitrogen
and/or oxygen) with metal ions resulted in an explicit research on chemo- and
bio-sensors of various analytes. For example, numerous organic structures are
constructed to selectively detect cations, anions, small neutral molecules and
other biologically important species, such as reactive oxygen or reactive
nitrogen species (that plays a vital role in terms of many physiological and
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pathological processes), etc.”® Two types of fluorescence “turn-on”
ratiometric chemosensors for metal ion detection, based on the enhancement
or suppression of intramolecular CT character, are shown in Figure 7.8 The
sensor L; in Figure 7 a is composed of quinoline backbone with
tetrahydrofuran carboxamide (C-8 position) and phenylethynyl (C-5 position)
groups. Upon complexation with Zn?*, the fluorescence intensity at 430 nm
decreases, while the band at 525 nm increases, that is related to the
enhancement of charge transfer from the amide nitrogen.®? The sensor E3 that
has a naphthalimide core, exhibits fluorescence at 528 nm upon excitation at
440 nm (Figure 7 b). Once Co?* ions are added to the solution, they bind to
four nitrogen atoms in two aminomethyl pyridine arms. Apparently, the
coordination causes the decrease of CT fluorescence band, while the LE band
increases.®
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Figure 7. The example of two types of fluorescence “turn-on” chemosensors
for metal ion detection based on the enhancement (2) and the suppression (b)
of intramolecular CT character. Adapted from 8283,

The possible water solubility and biocompatibility as well as the
combination of multiple reaction sites also determined the use of organic CT
molecules to label biological systems for fluorescence imaging, to distinguish
and trace the metabolism of substances in vivo.”®84 Even more, the TICT
character expanded the applicability of organic compounds for molecular
rotors and for luminogens with aggregation induced emission characteristics.
The charge transfer-based molecules found its place in nonlinear optics and
solar energy harvesting techniques.8>#

In terms of PET-favourable molecules, the possible application fields are
similar to the discussed above. PET probes are extensively designed for metal
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ion sensing, for microenvironment parameter sensing in living cells, such as
reactive biological species, intracellular pH, intracellular polarity.8”88 In
addition, PET enzyme-targeting probes have been created, where receptor
bind to enzymes which may affect the folded or unfolded conformations and
thus, control the PET process. Such strategy was demonstrated to be suitable
for cancer diagnosis and even therapy.® Also, molecules with PET are used
as fluorescent molecular logic gates responsive to acids and oxidants. For
example, redox potential PET sensors are primarily used for cell viability and
cytotoxicity studies.®® Furthermore, PET was applied in a two-colour single
molecule PET fluorescence microscopy for multiple conformational motions
detection within single protein molecule.®

1.4 Triplet states in CT molecules

Up to this point, mainly singlet states of CT-type molecules were
considered. The non-radiative ISC to triplet states is a common excitation
deactivation channel and is often undesirable process in terms of previously
discussed applications. However, the sophisticated molecular design
alongside with subtle knowledge may allow to proficiently enable both singlet
and triplet states for more advanced applications. Thus, this section will be
devoted to two selected processes that require to use the excited states with
different multiplicities: thermally activated delayed emission and even more
sophisticated ultralong room temperature phosphorescence/afterglow. The
summary of possible applications related to mentioned processes will be also
introduced.

1.4.1 Thermally activated delayed fluorescence (TADF)

One of the most common examples of delicately employed singlet and
triplet states in D-A type compounds is a concept of so called thermally
activated delayed fluorescence, which is the basis of the 3" generation OLED
devices.?’*t Generally, TADF is a mechanism that relies on the thermally
promoted RISC between triplet and singlet states that need to lie close in
energy (usually, AEst<200 meV). In reality, the mechanism is more complex
and not only energy gap, but also a sufficient spin-orbit coupling (SOC)
between states of different multiplicity, spin-vibronic coupling between triplet
states, as well as minimized lifetimes of triplet states (or enhanced reverse
intersystem crossing rates) are needed for an efficient process. Furthermore,
even if molecular structure is favourable for TADF to take place, more things
need to be considered to satisfy the requirements for OLEDs. To name a few,
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the suitable colour according to CIE, the sufficiently short delayed
fluorescence (DF) (preferably, several hundred nanoseconds), the narrow DF
spectra and high stability of compounds.3°2

One of the most important TADF parameters that needs to be considered
and appropriately controlled is a reverse intersystem crossing rate (kg;sc)-
According to Boltzmann distribution equation (1.9), kg;sc IS inversely
proportional to the energy gap between singlet and triplet states (4Egr), thus
it is critical to minimize AEg; in order to maximize kg;gc, Which is essential
for an efficient TADF emitter.4

kRISC = Aexp (— A:%), (19)

where A is a pre-exponential factor, k is Boltzmann constant and T is an
absolute temperature.

A general strategy to minimize AEgy is to design the relevant molecular
structure: the HOMO and LUMO frontier orbital overlap needs to be
minimized. This rule can be understood considering the state energies and
expressing the energy difference via exchange energy. The energies of the
lowest excited singlet and triplet states with the same electronic configuration
can be expressed by using orbital energy (E,,p), the electron repulsion energy
(K) and the exchange energy (J). The latter term is the first order quantum
mechanical correction that involves electron-electron repulsion due to Pauli
principle, which affects one electron in HOMO and one in LUMO states (upon
excitation). Due to the different spin arrangements of singlet and triplet
excited states, the exchange energy increases energy for singlet state and
decreases for the triplet state:*

E¢i =Eprp + K+, (1.10)

Eri =Eprp + K —J, (1.12)
Thus, AEgy is then expressed by:4

AEsy = Eg; — Epq = 2J. (1.12)

The exchange energy is given as per equation below:*

] = I ¥a (0)¥() () Yal) Wy (s, (113)

In the latter equation, ¥, and ¥}, are the wavefunctions of HOMO and
LUMO, e is electron charge and r; and r, are electron coordinates.
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From equation (1.12) it is obvious that AEs is minimized by reducing
exchange energy. The exchange energy itself can be reduced by decreasing
the overlap between HOMO and LUMO orbitals which is realized by spatially
separating the frontier orbitals. Indeed, this is the main reason, why CT type
molecules achieved the tremendous attention in terms of molecular structures
for TADF active emitters. Additional to the pronounced CT character of a D-
A molecule, the singlet-triplet energy splitting can be further reduced by
obtaining a near-orthogonality of D-A units or by increasing the D-A distance
through a molecular bridge.**®® On the other hand, this approach faces a
serious contradiction: the small orbital overlap will determine low absorption
and emission oscillator strengths and thus the small radiative rates of singlet
state will reduce fluorescence (and delayed fluorescence) quantum yields.
Hence, the TADF emitter design is very sophisticated, and the scientific
research is dedicated to find a balance between kg;sc and k,. rates.

The introduced approach to minimize AEs; which should increase kg;sc
is just a rough simplification. In fact, more factors directly affecting
intersystem and reverse intersystem crossing need to be carefully evaluated.
Some studies have revealed that molecules with similar AEg¢; have
significantly different reverse intersystem crossing rates.®* These observations
along with more experimental and theoretical research helped to conclude that
intermediate states play a critical role in terms of TADF.*% Indeed, the
straightforward understanding that RISC takes place directly between lowest
singlet and lowest triplet CT states is conceptually wrong due to some
fundamental aspects of spin-orbit coupling, i.e. process that allows the
transition between states of different multiplicity. Note that in the context of
present thesis, the molecules with light atoms will only be considered and
discussed.

SOC operator acts on both, the spin and angular momentum, meaning
that the change of spin will determine the change of angular momentum, that
will be only possible if the charge distribution of two interacting states is
different.*3% Thus, it was proposed that an efficient RISC is determined by
mixing the triplet CT with triplet LE states, that need to lie close in energy.
Consequently, the spin-vibronic coupling between multiple excited states of
the same multiplicity was also introduced as a key element for the efficient
RISC.%97% |t is now widely accepted and understood that RISC is a two-step
process, governed by the vibronic coupling of 3CT and 3LE states and the SOC
between 3LE and CT.%" The relative terms to express the RISC process in D-
A TADF emitter can be expressed as follows: 927
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krisc = 7

Where kg, denotes the rate of reverse internal conversion, # is a Planck
constant; 'W.r, 3W.r, 3¥, are the wavefunctions of charge transfer singlet
state, charge transfer and locally excited triplet states, respectively; #,;, and
Hgoc are vibronic coupling and spin-orbit coupling Hamiltonians. The &
functions ensure the conservation of the molecular energy for the nonradiative
transitions between indicated states.

First, the vibronic coupling between 3LE (initial state) and 3CT (final
state) promotes the equilibrium (or mixing) between these two states. The time
scale of reverse internal conversion (RIC) is much faster that RISC. The
second term (1.15) couples 3CT (initial) and the !CT (final state) using 3LE as
an intermediate state. The simplified scheme of discussed TADF mechanism,
also denoted as model Hamiltonian, is given in Figure 8. The indicated non-
discussed term Hyp, defines the hyperfine coupling between CT states of
different multiplicities. However, it was showed that this term has a negligible
effect in terms of (reverse) intersystem crossing and thus, was negleted.%
Note, that three configurations of state energy arrangements are possible,
where 3CT>3LE, 3*CT=3LE or 3CT<3LE. The most prominent configuration is
where all three states are degenerate, and thus mixing is most effective.®’

Hsoc N

vib

Figure 8. The simplified model Hamiltonian scheme representing the most
important states for TADF and coupling between them. Adapted from .

If a CT TADF system possesses a sufficient SOC between triplet and
singlet states as well as the sufficient spin-vibronic coupling between states of
the same multiplicity, then, again, the most important factor which will define
the efficiency of TADF is the energy gap between singlet and triplet states, as
briefly discussed in the beginning of the section. Thus, while studying TADF
type emitters, it is crucial to correctly determine AEg;. There are two most
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widely adopted experimental methods for the latter task. The first and the most
straightforward approach to define the energy difference is to identify the
optical gap from the onsets of fluorescence and phosphorescence spectra,
though, in some cases this strategy may provide inaccurate results. The second
approach relies on the Arrhenius equation and is obtained as an activation
energy by plotting and fitting the integral of delayed fluorescence spectra (or
the kg;sc constant) versus reciprocal temperature.®

The obtained AEgr values by different approaches does not necessarily
match, as repeatedly reported by several groups.’°®1%! Indeed, due to
nonadiabatic coupling, the equilibrium between Ti and T, of different
characters (°LE and 3CT) can be formed. It leads to a significant population
transfer and thus, the energy gap S:-T starts to dominate over S;-T1, meaning
that activation barrier for TADF is lowered and thus does not correspond to
the optical gap.2%? Importantly, the TADF model is not necessarily limited to
three excited (LE or CT) singlet and triplet state levels and, depending on the
molecular system, can additionally include intermediate nn* or nm* triplet or
higher lying nn* singlet states.%®'% However, even if excellent TADF
properties have been demonstrated in such kind of system, their analysis and
understanding remains very complex as the intermediate states are
spectroscopically invisible and thus, only high-level quantum chemistry
calculations can help to gain knowledge on the mechanism.

So far, the discussed TADF parameters and processes are mainly
dependent on the molecular structure and its geometrical arrangement.
However, the involvement of multiple excited states with different characters
(both, LE and CT) as well as the presence of labile fragments means that the
environment parameters, such as polarity, rigidity and disorder, especially in
terms of solid matrices, are also of a great importance and can significantly
change TADF efficiency. Thus the evaluation of environmental effects is
critical 104105

As already briefly mentioned in previous sections, TADF can be realized
by even more complex approaches, such as hot excitons, based on HLCT type
materials, 556196107 multiple resonance type molecules,>":1% heterocycles
utilizing the n-z* excited state'®® and excited-state intramolecular proton
transfer (ESIPT).1%® However, due to successful examples of TADF type
emitters, based on sterically hindered spiro-structures or D-A separation via
large and twisted spacers, the CT molecules still remain attractive for
scientific research.!12 Some iconic D-A type TADF active materials are
depicted in Figure 9.
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Figure 9. Examples of classic TADF materials containing electron accepting
(light blue) and electron donating (orange) units. The colour bar represents the
emission wavelength of molecules, also indicated in parentheses. Adapted
from 123,

1.4.2 Ultralong RT phosphorescence/afterglow

Phosphorescence, as briefly introduced previously, is a radiative
relaxation from T1 to So. If compared to the spin-allowed fluorescence with
short emission lifetimes and high quantum yields, the room temperature
phosphorescence (RTP) in purely organic compounds demonstrate a relatively
long lifetimes and low quantum yields, mainly due to spin-forbidden transition
of triplet excitons. Furthermore, triplet excitons are efficiently de-activated by
collisions with solvent molecules or quenched by oxygen, moisture, or
impurities. Consequently, phosphorescence is usually observed at low
temperatures and/or in a rigid environment, well-protected from oxygen 820114
If observed at room temperature, phosphorescence lifetimes are usually in a
range from several hundred microseconds to several milliseconds.
Phosphorescence is considered to be ultralong, if its lifetime is longer than
100 ms at room temperature.’'> Organic ultralong RT phosphorescence
(OURTP) is also referred to as organic afterglow, however, this term is
sometimes used to describe persistent luminescence, caused by charge
separation and recombination.!!® In this work the term organic afterglow will
only be used as a synonym for ultralong phosphorescence (and persistent
TADF, vide infra).
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Due to long-lived excited triplet states and large Stokes shift, the OURTP
phenomenon found its applicability in sensing, imaging, data encryption,®
etc. (see 1.4.3 Applications for more examples), and thus, became of a
particular interest among scientific community. For the successful application,
phosphorescence should be not only long, but also, an efficient (>5%). These
two tasks are in principle a conflicting design goal. Thus, the exploitation of
this phenomenon became interesting not only because of expanded application
possibilities for organic molecules, but also because of the fundamental
interest. The reader has to note that long-lived triplet states are not necessarily
related to CT-type molecules (as it is exclusively suitable for TADF).
However, the CT-type molecules or more concretely, CT states can find its
applicability due to pronounced SOC enhancement or even due to persistent
TADF that would help to enhance afterglow QYs. The RTP mechanism and
fundamental design principles as well as possibilities to control properties of
OURTP materials will be discussed as follows.

Upon optical excitation, the lowest triplet state T; is populated via
intersystem crossing through the S,>Tm (where m, n>1) with subsequent
Tm—>T1 internal conversion. Usually, ISC occurs via S1>Tn due to the fast
Sy=>S: IC.17 The equation of phosphorescence efficiency (¢pgy) (1.5) can be
further expressed as follows:117:118 20

T
bpu = Prsc X ﬁ = drsc X kf X Tpy. (1.16)

In the given expression other non-radiative phosphorescence

deactivation channels, such as energy transfer, quenching by oxygen, etc., are

neglected. According to the equations tpy =ﬁ(1.4) and (1.16), it
becomes obvious that long and efficient phosphorescence are in principle
incompatible: the increase of kT will increase ¢,y (EQ. 1.16), however, it will

simultaneously decrease 7py (EQ. 1.4). Nevertheless, some general rules how
to achieve long and efficient RTP can be introduced.

First, the population of T1 will be determined mainly by the ISC of
S1> T transition, which is governed by SOC. The rate constant of ISC, k;s¢,
can be expressed as first-order perturbation and short-term approximation:*’

kise % [(S|Hsoc|T)| exp(—AEs?). (1.17)

To achieve high phosphorescence quantum vyields, the following
guidelines may be needed:*'’

(i) Promoting ¢;s¢c by increasing k;gc 0of Si>Tm. The strategy to
increase k;sc includes the enhancement of (S;|Hsoc|T,) and
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reorganization energy (which describes the contribution of
nuclear change during I1SC) or the decrease of AEqr between S;
and Tn.

(i) Decreasing kX, by diminishing the nuclear reorganization energy,
(T1|Fs0c|So) and by increasing AEg; of T1>So.

(iii) Increasing kI by rising AEs; and transition dipole moment u of
T1>So transition.

For a long phosphorescence lifetime the reduction of both, kI and kT is
required, as per equation (1.4). The latter is strictly in conflict with condition
(iii). The condition (i) is the most important for the phosphorescence to take
place and be efficient, leaving kI (as well as kZ,) unaffected. In terms of
condition (ii), if the AEgy of T1>S, is increased, the kX, will be reduced,
however, the kI would be promoted and vice versa, thus it is again in conflict
with long and efficient phosphorescence. In fact, due to the balance of AEg
of T1> S and radiative and non-radiative phosphorescence rates, most of the
RTP materials demonstrate green to yellow emission afterglow, while the blue
or red afterglow colour is hardly reachable.*” To sum up, a generalized and
simplified rule to obtain long and efficient RTP can be defined as follows: (i)
the enhancement of ISC between S;>T, that dominates ¢;sc and (ii)
suppression of kT, that determines ,y.1® The efficiency of ISC, again, can
be increased by heavy atom effect, heteroatoms or halogen bond
incorporation.*® However, the simplest approach would be to rely on different
nature of electronic excited states, thus, molecules with CT states may become
of a particular interest. The reduction of kI.. is mainly achieved through a rigid
environment, protected from external factors (e.g. oxygen). A set of strategies,
how to supress non-radiative triplet exciton relaxation, has been proposed:
crystallization,*?%*2! co-crystals,'?? aggregation,?'?* host-guest doping,?°
self-assembly,'? z-x stacking,'?® hydrogen bond formation with polymers*?
and deuteration.?® In addition, it is preferable that the lowest excited triplet
state would possess a n-n* nature in order to reduce SOC of T1=>Sy transition
and thus prolong tpy.1*® Even more, several studies has demonstrated that
persistent TADF may be extremely advantageous for the increased afterglow
quantum yield.*?®13! Several examples of recent best results of OURTP

phenomenon in chromophore-polymer systems are provided in Figure
10_127,131—133
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Figure 10. The organic materials demonstrating afterglow emission in
chromophore-polymer systems. PVA and PMMA denotes polyvinyl alcohol
and poly methyl(methacrylate), respectively. The afterglow emission
wavelength, lifetime and efficiency are indicated below each molecular
structure.

1.4.3 Applications

The TADF type materials are a hot spot in OLEDs field and remain the
most promising approach to harvest excitons in OLED devices. Indeed,
stunning results have been achieved in terms of external quantum efficiencies
(EQEs): EQE~39% of sky-blue OLED,'** EQE~39% of green OLED,*
EQE~28% of deep-red OLED.'% Nevertheless, some fundamental aspects,
such as the lack of device stability and the non-sufficient colour purity, hinder
the commercialization of pure TADF emitters, especially for red and blue
OLEDs. However, the introduction of hyperfluorescence mechanism, which
combines both fluorescent and TADF-type emitters, provides the
unprecedented properties of organic molecules for 41 generation OLEDs.*%
The green hyperfluorescence materials are planned to be commercialized in
2023, while red and blue will follow in 2024.138

Besides the promising TADF future in commercialization for OLEDS,
more potential application fields have been demonstrated that do not
necessarily require such high-quality properties as recently discussed. For
example, the relatively long TADF lifetimes, compared to prompt
fluorescence, as well as the possibility to tune emission colour are the great

39



advantages to exploit TADF molecules for time-resolved imaging and bio-
imaging.®*® Recently, the efficient organic X-ray scintillators have been
demonstrated based on classic TADF molecules (DMAC-TRZ, 4CzIPN and
4CzTPN-Bu, see Figure 9 for some of the structures) that provided highly
resolved X-ray images. TADF materials in this context are extremely
advantageous due to high conversion efficiency, large Stokes shift and full
spectral availability.'*® Furthermore, it has been proposed to apply TADF
materials for photodynamic therapy (PDT) as it does not need to contain heavy
metals.'4! The relatively high triplet quantum yields and long lifetimes are two
beneficial features for an efficient triplet to triplet energy transfer activation
for the photocatalysis process.'%13°

Therefore, as from the discussion above, the short lifetimes of delayed
fluorescence are of extreme importance for applications in OLEDs, while
molecules with longer 1, lifetimes may find their niche in imaging, PDT or
photocatalysis. The phenomenon of OURTP or organic afterglow allows to
increase the lifetime of triplet excited states up to tens of seconds (while the
afterglow duration can last up to minutes) and more, which in turn extends the
field of applications for organic optoelectronic materials. As expected, since
long-lived phosphorescence can be effectively differentiated from the
background fluorescence, the OURTP compounds have been demonstrated
for bio-imaging with high resolution and contrast.14214 Although, due to its
sensitivity to oxygen, special treatment and preparation of such molecules
may be needed.'*®* As OURTP compounds have greater excited triplet state
lifetimes compared to typical photosensitizers (microseconds to
milliseconds), these materials are potentially favourable to greatly extend the
collision time and energy transfer for the purpose of singlet oxygen
generation. Thus, the properties of OURTP molecules can be applied for
PDT.** Furthermore, long-lived excited states can be employed for security
systems (e.g., anti-counterfeiting),'*>46 information and optical storage,**’
digital encryption and optical recording devices.'*® In the light of exclusive
external-stimuli responsiveness, the materials can be successfully applied for
oxygen, pH, solvent and temperature sensing.4°
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2. EXPERIMENTAL DETAILS
2.1 Sample preparation
Solutions

The concentration of studied compounds for steady-state absorption and
fluorescence and time-resolved fluorescence spectra measurements was
selected in a concentration range of 106-10° M. Only spectroscopic grade
solvents were used to prepare solutions. All measurements of solutions were
carried on using 1 cm quartz cuvettes, except transient absorption
measurement, where quartz cuvettes of 1 mm thickness were used. To obtain
oxygen free environment for solutions, the freeze—pump-thaw method was
employed.

Solid-state films

Solid-state samples were prepared with polymer matrixes (polystyrene
(PS) or poly (methyl methacrylate) (PMMA)) or non-polymer hosts (mCP or
DPEPO) by choosing the relevant solvent to dissolve sample molecules and
polymers/host (toluene or chromophore) and by selecting the specific
concentrations (percentage by weight wt%). Films were prepared by spin-
coating or by drop-casting the solutions (solvent, sample molecule and
polymer/host) on the quartz or glass substrates. If the polarity of solid-state
samples needed to be variated, the specific amount of camphoric anhydrite
was added to solvent-sample-polymer mixture.

In case photophysical experiments needed to be carried on in oxygen-
free environment, two approaches were used:

1) Films made in ambient conditions were placed in a vacuum cryostat
equipped with a turbo-molecular pump that served as a vacuum
chamber;

2) Samples were prepared and encapsulated inside the nitrogen-filled
glovebox. Encapsulation was realized by sealing the edges of the glass
substrates with epoxy resin prior to conducting various photophysical
measurements at ambient conditions.

If needed, the heat-treatment was used to remove residual solvent or to
increase the film rigidity. The low-temperature measurements were only
performed for solid-state samples in a closed-cycle helium cryostat 204N
(Cryo Industries).
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Solid-state samples for information recording

Films for information recording were based on the concept presented
elsewhere.*® Stock solutions of 1 mg/mL and 50 mg/mL concentrations in
toluene were prepared and mixed with the ration of 1:10 to get the
concentration of 0.2 wt% of sample compounds in PMMA. The
sample/PMMA mixture was drop-casted (in an amount of 350 uL) on pre-
cleaned microscope cover glass slides (24 x 40 mm). The films were left at
room temperature for 72 h for the solvent to evaporate. Next, poly(vinyl
alcohol) (PVA) was dissolved in distilled water at 5 mg/mL concentration and
drop-casted (in an amount of 350 puL) on top of sample (0.2 wt%)/PMMA film
to form oxygen barrier layer and left to dry at least for 24 h prior
measurements. Films for data encryption were prepared at ambient conditions.

2.2 Photophysical measurements
Steady-state absorption spectroscopy

The absorption spectra were taken on UV-vis-NIR Lambda 950 (Perkin
Elmer) or Varian-Cary 5G spectrophotometers using a pure solvent (or empty
polymer matrix or non-polymer hosts on a glass for solid-state samples) as a
reference. The obtained absorbance (A) is in optical density (OD) units and
can be expressed as per equation below:

A=-lg (i) 2.1)

where I, and I are intensities of incident and transmitted light, respectively.

The molar extinction coefficient (&) is expressed as:

& ==, (2.2)

cl
where ¢ is molar concentration of sample molecules in a solvent and [ is the
pathlength.

Steady-state photoluminescence spectroscopy

Steady-state emission spectra was measured with a CCD spectrometer
PMA-12 (Hamamatsu). Samples were excited using a CW xenon lamp
coupled to a monochromator. Alternatively, spectrofluorometer FluoroMax-3
was used.
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Photoluminescence quantum yields

Fluorescence quantum vyields for solutions were determined by the
comparative method or by using integrating sphere. Emission quantum yields
for solid state samples were determined by integrating sphere.

In case the comparative method was employed, the relative standard was
selected according to the expected fluorescence quantum yields as well as the
absorption and fluorescence wavelengths: 9,10-diphenylanthracene in
cyclohexane (¢pg;=0.97),%%! Ru(bpy)s?* in H.O (¢g;=0.04)'> or quinine
sulfate in 0.1 M H2SO4 (¢pf;=0.54)

The concentrations of studied compounds in solvents and relative
standard were selected so that OD would be around 0.05. The fluorescence
guantum yields were calculated using:

SgAgn?
SpAsn2’

bs = by (2.3)

Where ¢ and ¢, are the fluorescence quantum yields of the studied
samples in solvents and the standard compound as reference, respectively;
Ag and A, are the absorptions of samples and standard reference compounds,
respectively; S;and S, denotes areas underneath the curves of the
fluorescence spectra of the sample solution and the standard reference,
respectively; and ngand ngpare the refraction indices of solvents for the
substance under study and the standard compound.

If higher sample concentration (OD up to 0.1) was used due to low
fluorescence quantum yields, the following formula for quantum vyield
determination was employed:

Ss(1-10"40)n2

bs = Po 5 oAz (2.4)

The measurements with integrating sphere (Sphere Optics) were carried
on according to the further procedure. Two spectra of different configuration
were recorded with PMA-12 (Hamamatsu) spectrometer connected via optical
fibre to integrating sphere. The configuration A contains a reference sample
inside integrating sphere. The configuration C is measured with the sample of
interest in the same position as A. The recorded spectra are divided into two
regions: L (the excitation light region) and P (emission region). The observed
emission guantum vyield can be calculated by integrating regions in both
configurations and further using the expression below:*5

$obs = 274 (2.5)

La-L¢’
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To obtain correct quantum yields, the re-absorption needs to be corrected.
First, the “true” emission spectrum needs to be recorded outside the
integrating sphere. The long tail of this spectra is matched with the tail of
emission spectra from integrating sphere. The difference of two integrated
spectral areas corresponds to re-absorbed area a,..,p. The correct quantum
yield is then described according to FLS980 Series Reference Guide (by
Edinburg Instruments):153

q)obs

bpL = (2-6)

1-areab+areapX$OPs’
The phosphorescence (or afterglow) quantum yields were determined by
peak-differentiation-imitating method.

Time-resolved photoluminescence spectroscopy

Time-resolved emission spectra and its decay transients were recorded
by selecting the measurement equipment suitable for the required time range.

Picosecond to nanosecond range. Time-resolved emission
measurements in a picosecond time domain were performed with Streak
Scope C10627 detector (Hamamatsu) coupled with femtosecond laser Pharos-
SP (Light Conversion, 190 fs, 10 kHz) and wavelength-tunable optical
parametric amplifier Orpheus (Light Conversion).

Alternatively, a Ti:sapphire laser system emitting pulses of 0.6 mJ and
30 fs at 800 nm and 1 kHz pulse repetition rate (Femtopower Compact Pro)
with Light Conversion Topas-C optical parametric generator and frequency
mixers was used to excite the samples at chosen wavelength. The fluorescence
was collected by reflective optics and focused with a spherical mirror onto the
input slit of a spectrograph (Chromex 250) coupled to a streak camera
(Hamamatsu 568).

Nanosecond range. The fluorescence lifetimes were estimated by time-
correlated single photon counting (TCSPC) system PicoHarp 300
(PicoQuant). Pulsed semiconductor laser diode (PicoQuant, repetition rate 1
MHz, pulse duration 70 ps, emission wavelength 375 nm) or pulsed light
emitting diode (PicoQuant, repetition rate 1 MHz, pulse duration 500 ps,
emission wavelength 330 nm) were used to excite the samples.

Nanosecond to millisecond range. Time-resolved emission spectra,
fluorescence decay transients and phosphorescence spectra in this time range
were recorded with time-gated intensified CCD camera iStar DH340T
(Andor) with a spectrograph SR-303i (Shamrock). For sample excitation, the
camera is synchronized with nanosecond YAG:Nd3* laser NT 242 with an
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optical parametric generator (Ekspla, pulse duration 7 ns, repetition rate 10 Hz
— 1 kHz). The setup allows to exponentially increase the delay and integration
time of gated iCCD camera.

Millisecond to second range. To measure decay transients in seconds,
the Andor camera setup was upgraded with a synchronized shutter. The shutter
hardware was composed of repurposed HDD Head Stack Assembly (HSA)
wrapped in 3D-printed case paired with ATmega32U4 microprocessor with
home-written firmware to synchronize it with Andor software. This allowed
to control the excitation and spectral integration times from 25 ms to tenths of
seconds and more.

Transient absorption spectroscopy

Femtosecond time-resolved differential absorption (TA) measurements
were performed using a Harpia pump-probe spectrometer (Light Conversion)
pumped with a 10 kHz pulsed laser Pharos-SP (Light Conversion). The probe
source was white light continuum generated by focusing 190 fs 1030 nm laser
pulses onto a sapphire crystal or onto the quartz cuvette with purified water
coupled to home-built flow system. Pump wavelength was set in accordance
with sample absorbance using an optical parametric amplifier Orpheus (Light
Conversion). Global analysis of TA data was performed by data analysis
software “CarpetView” (Light Conversion).

2.3 DFT modelling

Quantum chemical calculations of studied derivatives were performed
using DFT and TD-DFT implemented in the Gaussian 16,> Gaussian 09W
or ORCA 5.0.3'%5:1%¢ software packages. Ground state optimization, ground-
to excited state transition energies, oscillator strengths, emission energies and
HOMO and LUMO orbitals were calculated with one of the selected
functionals: BMK' functional at a 6-31g (d,p) basis set level, B3LYP
functional at 6-31G(d) basis set or CAM-B3LYP method at 6-31g(d,p) or 6-
311G(d) theory level. Spin-orbit coupling matrix values of triplet and singlet
states were evaluated with CAM-B3LYP/6-311G(d) using ORCA 5.0.3
software. Multiwfn 3.8 software was used to generate natural transition
orbitals (NTOs).**” The solvent surrounding was simulated using linear
response polarized continuum model (LR-PCM).

45



3. RESULTS AND DISCUSSION

The research presented in this thesis is devoted to the photophysical study
of intramolecular charge transfer materials. Each section is related to specific
Paper and can be sub-categorized in accordance with the acquired excited
states of different multiplicity — singlet states (sections 3.1 and 3.2) or singlet
and triplet states altogether (sections 3.3, 3.4 and 3.5).

Five different series of molecules are presented that comprise different
ways to control the excited state dynamics. In the first Paper, the singlet states
are controlled through introducing twisted intramolecular charge transfer
states by appropriate combination of electron A and D units through =-
conjugated linkers. The second Paper presents unique molecular structures
with asymmetrically attached identical electron donating branches, that
ensured the dual-band fluorescence and the presence of intermolecular PET
upon complexation with metal ions. The rest of the papers represent the
sophisticated interplay between triplet and singlet states. Papers 3 and 4
contain the photophysical study of TADF active materials, where the specific
control of targeted parameter was realized by minor changes in molecular
structures. In Paper 5, complex systems with weak electron donors are
presented, where delicate arrangement of higher-lying CT excited states of
different manifolds ensured the possibility to manipulate processes between
singlet and triplet states for efficient afterglow emission in single molecules.

Each presented section contains a brief introduction of studied organic
compounds, the description on how singlet or triplet state properties, and,
consequently, the present photophysical processes were controlled, the
representation of electron accepting or donating groups used to design
molecular structures and key findings of a relevant Paper. The perspective to
possible applications as well as conclusions are also provided.

3.1 D-A compounds with TICT character by design: the study of twisting
and dynamic solvation (dimethylaniline-naphthalimides)

According to Paper I, a comprehensive study of two new A-n-D
fluorophores specially designed to realize twisted intramolecular charge
transfer character was performed. Both molecules contain electron acceptor
1,8-naphthalimide (NI) and electron donor dimethylaniline (DMA) units
connected through two types of linkers at 4™ position of NI core: single bond
(NAZ1) or acetylene-like junction (NA2) (Figure 11). The molecular design of
NA1 and NA2 ensures the different pre-requisites of compounds for the
photophysical study: pre-twisted (NA1) or planar (NA2) ground state
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geometries, different conjugation length and different molecular dipolar
moments in the excited state. In this Paper, singlet state properties are
controlled through molecular geometry which may possess TICT character
upon excitation, as well as by environmental factors (the polarity or rigidity).
The manipulation of excited state properties in such way together with steady-
state and time-resolved experiments allowed to comprehensively study the
excited state dynamics, or more precisely, to differentiate the spectral effects
produced by dynamic solvation or by geometry changes in the excited state,
and to reveal TICT formation pathways.

O O
»UN\ =L T
NA1 NA2

Figure 11. Molecular structures of studied NA1 and NA2 compounds.
Selected materials

1,8-Naphthalimides (NIs) are well-known electron acceptors and are
considered among the most important building blocks of efficient fluorescent
materials.*>® Due to relative simplicity of synthetic operations for targeted
modification,'%16° tunable photophysical properties,®* photo'®? and
thermostability*611%3 and biocompatibility,’6* NI materials have gained a
tremendous attention among scientific community and became a highly
adaptable scaffold with a huge diversity of proposed real life applications:*6°
from optoelectronic devices to bio and chemosensors'®6:1¢7 or fluorescent cell
imaging agents.'®® Having in mind a redox potential of 1,8-naphthalimide core
(~-1.8 V, vs Ag/Ag*)'®®, many of strategies for the mentioned applications
cover the simple design of adding electron donating substituent to NI core at
its 41 position to create the donor-acceptor (D-A) type compounds with a CT
character. One of the classic electron-donating substituents is N,N-
dimethylaniline (DMA) with a redox potential of at least 0.65 V (vs
Ag/AgCI)'® may serve as a perfect charge donor with a high driving force for
the intramolecular charge transfer upon combination with NI core through
selected linkers.
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Key findings and potential application

Both molecules demonstrate a charge transfer character whether in
partially planar (NA1)/planar (NA2) or twisted excited state geometries, that
significantly depend on parameters of the environment. The molecules are
pre-twisted or planar in non-polar solvents and thus, high fluorescence
guantum yields up to 70 % are observed. However, the increase of solvent
polarity determines the competition between CT and TICT states. Once the
TICT state is dominant in solvents with £>6, the efficient non-radiative decay
channel is enabled which determines up to three orders of magnitude drop of
fluorescence quantum yields (down to 0.1% for NA1 and to 0.03% for NA2
in acetonitrile with €=37.5) and the decreased fluorescence lifetimes (from 3.4
ns and 6.3 ns in cyclohexane with £=2.02 to 70 ps and 40 ps in acetonitrile for
NA1 and NAZ2, respectively). Contrary, in the polymer matrix with ¢=8.31,
where TICT reaction is restricted, fluorescence quantum yields remain
comparatively high (ca. 30 % - 40 %) along with increased fluorescence
lifetimes (9.5 ns for NA1 and 5.5 ns for NA2) due to more stabilized CT states.
The transient absorption spectroscopy confirmed the results obtained by
steady-state and time-resolved fluorescence measurements and revealed that
different channels exist to reach TICT states: whether from CT states in
Franck-Condon region or from solvated CT states. In the case TICT is formed
directly from FC region, its reaction rate outcompetes the dynamic solvation.
The pre-twisted geometry of compound has no influence in terms of excited
state reaction rates. On the other hand, the higher excited state dipole moment
determines the faster excited state processes. Figure 12 illustrates time-
resolved transient absorption maps of both compounds in ethyl acetate
(e=6.02) reflecting pre-twisted or planar molecular geometries at the early-
time scale (up to 1 ps) and the formation of TICT states (from 1 ps) upon
excitation. The TICT reaction rates are also indicated in the picture.
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Figure 12. Transient absorption maps of NA1 (left) and NA2 (right) in ethyl
acetate. The time constants for TICT state formation either from Franck-
Condon region (FC) or from CT states are indicated in the picture.

Although not discussed in the referred Paper, NA1 and NA2 materials
may serve as perfect polarity probes. The sensing could be realized by relying
on the extreme Stokes shift (through all the visible wavelength range up to
8601 cmt), the decreased fluorescence quantum yields or lifetimes upon the
environment’s polarity increase. Figure 13 illustrates the fluorescence color
changes of NAL in solvents of different polarity.

Figure 13. The photograph of NAL1 in solvents of different polarity upon
excitation.
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Conclusions

(i) The TICT state formation in A-n-D type naphthalimide-z-dimethylaniline
compounds in polar solvents (¢>6) determines the efficient non-radiative
decay channel, which in turn causes the drop of fluorescence quantum yields
up to three orders of magnitude and the decreased fluorescence lifetimes. The
significant red-shift of fluorescence spectra may be beneficial for the creation
of polarity probes.

(if) The rigid environment created by doping compounds in polymer matrix
and the possibility to change its polarity allowed to identify TICT reaction and
to distinguish between the competing excited state processes in the early-time
scale.

(iti) TICT state can be formed either from solvated CT state (after the dynamic
solvation is completed) or directly from Franck-Condon state with the reaction
rate outcompeting the dynamic solvation.

3.2 Dual branch D-A-D’ systems with complexation induced intermolecular
PET (purine-based compounds)

According to Paper Il, the photophysical study was performed for four
2,6-bis-(1,2,3-triazol-1-yl)purine derivatives (1-4), asymmetrically decorated
with two identical fragments at C2 and C6 positions: electron accepting
methyl carboxylate (1) or electron donating phenyl ring (2), 4-methoxyphenyl
(3) or 4-N,N-dimethylaminophenyl (4) (see Figure 14). The asymmetrical
substitution of identical electron donating subunits ensured the possibility to
create D-A-D’ type molecules possessing two independent electronic charge
transfer (CT) systems resulting in dual-band fluorescence (molecules 3 and
4). In this Paper, the control of singlet states is realized through different
substituents that cause the appearance of intramolecular CT character in case
electron donating units are attached to triazolyl-purine core. The properties of
singlet CT states were further altered by the polarity of solvent. Finally, the
selected molecular design with triazole fragments used as linkers for electron
donating branches, ensured the possibility for molecule 3 to form complexes
with metal ions, which further assisted in the control of singlet state properties,
or more precisely, the blue side fluorescence band quenching caused by
intermolecular PET.
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Figure 14. Chemical structure of bis-triazolyl-purine nucleoside derivatives
with electron accepting (1) and electron donating (2, 3, 4) substituents.

Selected materials

The development and research of fluorescent nucleobase (purine or
pyrimidine) analogues have been a subject of high interest for decades due to
their biological and medical importance.*’* Purines as nitrogen heterocycles
are starting materials widely available in natural product pool and are readily
accessible for chemical modifications that can alter their photophysical
properties dramatically. The electron donating functional groups may be
coupled at C2, C6 or C8 positions of purine core. Some of the desired optical
properties of purine push-pull derivatives have been achieved due to the
progress of synthetic methods and their integrity.’217 Purine derivatives have
already been demonstrated as emitters in OLEDs,'416 as pH sensors'’’ or
even as imaging tools of cell compartmentsi’® and its environment.*”®
Additionally, purine derivatives are natural-like molecules that can be easier
recognized by cells.18°

The electron donating parts such as anisole and dimethylaniline are
considered to be general for push-pull systems?* and may be selected based on
its strength. Purines, on the other hand, are known to be ambipolar,!®
however, using them as electron accepting units may provide with several
advantages.

Key findings and potential application

The steady-state and time-resolved experimental results, and theoretical
calculations of 3 and 4, as well as the comparison with other molecules bearing
electron accepting or weak electron donating substituent (1 and 2,
respectively), allowed to determine and confirm the nature of two bands in the
emission spectra both corresponding to CT states. Apparently, the blue band
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of fluorescence spectrum emission is related to the transition within the C2
branch (referred to as the “blue” branch), while the red side band of emission
is caused by charge transfer in the C6 branch (the “red” branch). See Figure
15 for the fluorescence spectral composition according to spatial distribution
of molecular orbitals of compound 3 in acetonitrile.
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Figure 15. Spatial distribution of HOMO - LUMO and HOMO-1 - LUMO
molecular orbitals of compound 3 (a) and the composition of fluorescence
spectra, consisting of distinct charge transfer states within “blue” or “red”
branches (b) of 3 in acetonitrile.
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The different strength of electron donating substituents determined the
absorption and fluorescence spectra positions, the fluorescence spectral
separation between different states, and fluorescence quantum yields with
lifetimes. The strong electron donating 4-N,N-dimethylaminophenyl
substituents (referred to as dimethylaniline in previous sub-section)
determined the most expressed spectral separation between two CT states
related to different branches (recorded fluorescence maxima at 513 nm and
653 nm). However, at the same time the drastic fluorescence quenching is
observed as the fluorescence quantum yield of compound 4 is only 0.1% in
most polar acetonitrile. On the other hand, electron donating 4-methoxyphenyl
groups in compound 3 contribute to comparatively high fluorescence quantum
yield (QY=20% in acetonitrile) along with sufficient spectral separation
between two fluorescence bands (fluorescence maxima at 393 nm and 490
nm). Based on these properties, compound 3 was selected to demonstrate the
ratiometric fluorescence chemosensor.

The presence of nearby triazoles used as spacers for electron donating
and accepting fragments further assisted in the complexation with metal ions.
Compound 3 revealed a bidentate coordination mode: Ca?* is coordinated
between both triazoles, while Zn?* forms a complex between the triazole at C6
and N7 of the purine. The complexation with both metal ions occurs with the
equivalence point of one metal ion with three purine molecules. The
coordination resulted in the gradual decrease of blue fluorescence band
intensity, while the red one remained almost unchanged. In was concluded,
that the assembly of materials around metal ion as well as small energy
difference between HOMO and HOMO-1 of each branch ensure favourable
conditions for PET to take place between “blue” and “red” branches of
different molecule. Thus, a proof-of-a concept of ratiometric chemical sensor
for Ca?* and Zn?* ions with intermolecular PET was demonstrated. The
changes of fluorescence spectra in the presence of different Zn?*
concentrations in acetonitrile, the complexation mode with Ca?* and Zn?* as
well as illustration of PET along with its scheme are illustrated in Figure 16.
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Figure 16. The illustration of intermolecular PET ratiometric chemical sensor
based on D-A-D’ compound 3. The fluorescence spectra upon addition of Zn?*
of 3 in acetonitrile (a), the coordination mode of 3 with Ca?* and Zn?* (b) and
the illustration of PET process (c) along with energy level arrangement of
HOMO (HOMO-1) — LUMO levels of different branches (d).

Conclusions

(i) D-A-D’ asymmetric structure of purine-based compounds ensured dual
band fluorescence from two distinct CT states related to each of the electron
donating branches.

(i) The strong electron donor 4-N,N-dimethylaminophenyl determined
pronounced fluorescence intensity quenching in most polar solvent, while
weaker electron donor 4-methoxyphenyl ensured relatively high fluorescence
guantum yield and the sufficient separation between spectral bands.
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(i) PET occurs between D and D’ fragments of neighbouring ligands
assembled upon complexation with metal ions and is responsible for the
guenching of the blue fluorescence band. Based on this process, a proof-of-a-
concept of ratiometric fluorescence cation senor is demonstrated.

3.3 Electron A and multiple D derivatives for efficient control of triplet
guenching to enhance TADF performance (benzophenone-carbazoles)

In Paper IlI, the selected CT-type molecular structures demonstrate the
delayed fluorescence attributed to an efficient TADF process. Both
compounds contain five electron donating carbazolyl groups and an electron
accepting benzophenone (5tCzBP) or methyl benzoate (5tCzMeB) and are
decorated with tert-butyl groups at C3 and C6 positions of carbazole moieties
to reduce concentration quenching and enhance morphological stability as
well as solubility (Figure 17). In this Paper, the control of singlet and triplet
state properties and thus, the performance of TADF, is realized through
controlling k7., as the experimental study revealed that the main non-radiative
deexcitation channel is related to the decay of long-lived triplet states. The
non-radiative triplet decay rate itself can be manipulated via structural
changes: the replacement of loose phenyl moiety by the methoxy group in
electron accepting benzophenone fragment ensured the significant
suppression of triplet quenching.
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5tCzMeB 5tCzBP

Figure 17. Molecular structures of TADF-type emitters 5tCzMeB and
5tCzBP.

Selected materials

Carbazole units demonstrate great stability, easily accessible
functionalization, and excellent hole transport properties.8? The combination
of carbazoles with appropriate electron acceptors, such as benzonitrile or
phthalonitrile, leads to the creation of organic systems for TADF with
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increased excited state delocalization and thus enhanced kg sc.1% It was
shown that kg, can be further improved by decorating carbazolyl units with
phenyl or methoxy groups at 3 and 6™ positions.®* The bulky tert-butyl
groups at the same positions may assist in increasing device lifetime.'8®

Benzophenone is a widely used building block for blue TADF emitter
with good electron accepting properties.'818” However, it is known that
benzophenones with loose phenyl moieties are responsible for non-radiative
decay of long-lived excited states in TADF emitters, which cannot be
completely suppressed even in solid state matrix.8.18°

Key findings and potential application

By the means of theoretical calculations, it was determined that carbazole
groups in each molecule are sterically twisted by 60° -70° towards central
phenyl fragment. Such molecular geometry ensured strong spatial separation
between HOMO and LUMO orbital distribution and thus, the sufficiently
small AEgr (0.08 eV for 5tCzMeB and 0.10 eV for 5tCzBP). On the other
hand, the maintained small orbital overlap determined moderate oscillator
strengths and thus decent k,. values (3.30x10° s** for 5tCzBP and 1.02x107 s*
for 5tCzMeB). The existence of TADF was identified by time-resolved
experiments in oxygen saturated and oxygen deficient environments and
further confirmed by the measurements of photoluminescence intensity as a
function of excitation power density.

High kg;sc is considered to be the main parameter to achieve efficient
TADF. Both compounds examined in this study possess similarly high kg;sc
values (3.81x10° st and 4.44x10° s for 5tCzBP and 5tCzMeB, respectively).
However, it was estimated that ¢ ;s differs almost twice: 53% for 5tCzBP
and 93% for 5tCzMeB, meaning that triplets are quenched more efficiently in
the case of 5tCzBP. The substitution of loose phenyl moiety in the
benzophenone by a methoxy group enabled to sufficiently suppress non-
radiative triplet quenching, mainly caused by the torsional/rotational
displacement of loose phenyl moiety, that is reflected in one order of
magnitude lower kT, value in terms of 5tCzMeB (0.33x10° s?) if compared
to 5tCzBP (3.32x10% s?). These structural modifications benefitted in
complete harvesting of triplet excitons via RISC resulting in almost unity
photoluminescence quantum efficiency of 5tCzMeB. The energy level
diagram with energy transfer routes and most important parameters for TADF
performance is provided in Figure 18 along with the contribution of prompt
fluorescence and delayed fluorescence to overall emission transients.
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Figure 18. Energy level diagrams representing energy transfer routes with
rates of relevant processes for compounds 5tCzMeB (a) and 5tCzBP (b) in
toluene. Schematic representations of prompt and delayed fluorescence to
emission transients for each compound are shown below.

The efficient RISC and large k, value of 5tCzMeB is extremely
advantageous in terms of creating TADF-type materials for application in
TADF-based OLEDs. Thus, compound 5tCzMeB was further employed as
emitting layer in doped or non-doped OLED device. The 5tCzMeB-based
OLED device demonstrated electroluminescence maximum at 481 nm,
corresponding to sky-blue emission. The best OLED properties were
demonstrated for doped TADF OLED, fabricated by vacuum evaporation
technique, as the achieved external quantum efficiency was extraordinarily
high with EQE=24.6 %.

Conclusions

(i) The combination of five carbazoles as electron donors with an electron
accepting benzophenone or methyl benzoate units resulted in the creation of
CT-type molecules possessing efficient TADF.

(if) The chemical modification of benzophenone by substituting loose phenyl
moiety with a methoxy group allowed to significantly suppress triplet
quenching as kT, was reduced by one order of magnitude.

(iii) The controlled non-radiative triplet decay channel and maintained high
krisc values in carbazole-methyl benzoate compound resulted in near unity
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PL quantum yield which allowed to demonstrate TADF-based OLED with
sky-blue electroluminescence and high EQE (up to 24.6 %).

3.4 Sterically controlled D-A-D compounds for realization of deep-blue
TADF emitters (carbazole-naphthyridine-carbazoles)

In Paper 1V, two organic D-A-D materials were designed as blue TADF
emitters, containing 1,8-naphthyridine (ND) as electron acceptors and tert-
butyl-carbazoles (tCz) as electron donors (tCz-ND and MetCz-ND, see Figure
19). The additional methyl units (Me) were introduced at the first positions of
tCz donors in the case of MetCz-ND. The TADF properties in this case are
controlled through H-bonding and CT interaction between D and A units. The
involvement of intramolecular H-bonding interactions may increase the
rigidity of investigated compounds and thus, reduce the conformational
disorder (which usually results in unwanted broadening and/or red-shifting of
emission spectra). The D-A interaction and hence the CT character determines
the TADF performance, the emission wavelength and a band-width. The CT
strength can be further controlled by additionally introducing methyl
substituents at the first linking position of tert-butyl-carbazole units that alter
steric hindrance and thus, twisting of the D an A fragments.

QD
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tCz-ND MetCz-ND

Figure 19. Chemical structures of studied 1,8-naphthyridine derivatives.
Selected materials

1,8-Naphthyridines have been known for a long time and widely explored
in a field of medical chemistry.1%1°t Only recently, naphthyridines were
successfully used as electron acceptors in the construction of TADF
emitters.1921% The combination of naphthyridine with a variety of donors,
such as acridane, carbazole, phenoxazine and phenothiazine that are regularly
employed for designing efficient TADF compounds, produced
yellow/green/blue emitters with peak wavelength above 460 nm.64
Meanwhile, implementing them in efficient OLEDs produced surprisingly
low EQE roll-offs.166
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Key findings and potential application

The unmodified tCz-ND demonstrated a rather weak CT character due to
relatively small dihedral angle between tCz donors and ND acceptor, which
was calculated to be 31°. Due to additional Me units in the case of MetCz-
ND, the larger steric hindrance and thus dihedral angles of 51° were estimated.
This resulted in more pronounced CT character of the compound and thus, the
reduced oscillator strength, reduced AEg; and slightly more red-shifted and
broaden emission spectra (Figure 20 a). The proximity between N atoms of
ND acceptor and H atoms of D groups resulted in possible H-bonding
interactions. The presence of TADF character in both compounds was
confirmed by the oxygen-sensitive fluorescence in solutions with two distinct
decay components, corresponding to prompt and delayed fluorescence. Both
compounds were found to express small AE¢; (0.18 eV and 0.09 eV, for tCz-
ND and MetCz-ND, respectively), high photoluminescence QY (76 % and
86 %) and rather short TADF lifetimes (8.8 us and 3.1 ps) resulting in high
RISC rates (0.34x10° s and 1.06x106 s1). All the mentioned properties were
demonstrated in a rigid mCP host (7 wt%). Obviously, the pronounced CT
character in the case of MetCz-ND determined better TADF performance
(Figure 20 b). However, the deep blue emission peaking at 452 nm and the
narrow emission spectra with FWHM=66 nm in terms of tCz-ND, makes it a
perfect candidate for a pure blue TADF OLED. Contrarily, even though
MetCz-ND demonstrate better TADF properties, the sky-blue emission
peaking at 480 nm would not meet the requirements for a deep-blue TADF-
based OLED.
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Figure 20. Absorbance in toluene (dotted line) and normalized
photoluminescence spectra (solid line) of tCz-ND (blue) and MetCz-ND
(cyan) in 7 wt% mCP (a). Photoluminescence decay transients of tCz-ND
(blue) and MetCz-ND (cyan) in 7 wt% mCP at room temperature with double
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exponential fits (grey) (b). Measurements in solid state were carried on in
oxygen-free environment at room temperature.

The studied ND compounds were further demonstrated as TADF emitters
for vacuum- and solution-processed TADF OLEDs with low efficiency roll-
off in the deep-blue (tCz-ND) or sky-blue spectral ranges (MetCz-ND). The
optimized devices with 7 wt% ND emitters in mCP host delivered up to
17.6 % (MetCz-ND) and up to 13.5 % (tCz-ND) EQEs for the vacuum- and
solution-processed OLEDs, respectively.

Conclusions

(i) The designed D-A-D type carbazole-naphthyridine-carbazole compounds
demonstrated deep-blue/blue TADF due to an effective HOMO-LUMO
separation by steric hindrance.

(if) The TADF properties can be altered by changing the CT strength of D-A
interaction: the additional substitution by methyl units determines higher
dihedral angle between carbazoles and naphthyridine resulting in three-fold
higher RISC rate, though, more red-shifted, and broadened emission spectra.
(iii) High photoluminescence quantum vyields, blue spectral range of
photoluminescence spectra and rather short TADF lifetimes ensured the
possibility to employ studied materials for deep-blue or sky-blue OLEDs with
EQEs up to 17.6 %.

3.5 Strong A —weak D systems for persistent TADF and RT
phosphorescence (diboraanthracenes)

In Paper V, two molecular systems are presented as novel RT afterglow
materials. The strong electron accepting diboraanthracene group is combined
with weak electron donating mesityl groups to form 9,10-dimesityl-9,10-
diboraanthracene (DBA) compounds. The DBA core is laterally expanded by
acenaphthylene (anDBA) or phenanthrene units with by tert-butyl groups
(phenDBA) (see Figure 21). The studied DBA derivatives are not
conventional CT-type materials as the lowest singlet and triplet states are of
LE excitonic nature. However, the weak electron donating mesityl groups
ensured the presence of upper-lying CT excited states. This allowed to fulfil
the El-Sayed’s rule and thus, the sufficient ISC and RISC between S, and T,
states ensured long and efficient afterglow emission, comprised of persistent
TADF and ultralong RT phosphorescence. The lateral expansion of DBA
scaffold by acenaphthylene or phenanthrene units with tert-butyl groups
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governed the excited state energies. For example, acenaphthylene units result
in more extended conjugation in the polycyclic scaffold of anDBA if
compared to phenDBA. The extended conjugation itself determines the lower
energies of excited states of anDBA resulting in more red shifted fluorescence
and phosphorescence spectra. The afterglow properties can be further tuned
by using various concentrations of compounds in a polymer matrix, by
annealing the samples or by changing the temperature.

anDBA phenDBA

Figure 21. Molecular structures of 9,10-dimesityl-9,10-diboraanthracenes
anDBA and phenDBA.

Selected materials

The incorporation of three-coordinating boron into polycyclic aromatic
hydrocarbons, such as acenes, creates an electron-deficient system with
appealing optoelectronic properties.!® For instance, 9,10-dihydro-9,10-
diboraanthracenes (DBASs) have low energy LUMOs and relatively small
HOMO-LUMO gaps that determine their potential applicability as electron-
transporting or light-emitting materials in organic optoelectronic
devices.151% The functionalization of boron atoms by mesityl groups (9,10-
dimesityl-9,10-dihydro-9,10-diboraanthracene (DBA(Mes),) was found as a
good choice in order to overcome several drawbacks of its parent DBA. The
mesityl groups sterically hinders the vacant p, orbitals on boron atoms and
protects the B-C bond, thus ensuring the compound stability towards ambient
conditions and moisture.1%197 In addition, the undesired aggregation of
molecules is reduced. Recently, it has been shown that further
functionalization of mesityl groups by electron donating moieties resulted in
green®® or red®® TADF emitters with excellent properties.
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Key findings and application

The presence of long-lived delayed emission in DBA compounds was
attributed to ultralong RT phosphorescence and persistent TADF, that in
combination are referred to as emission afterglow. The synthetic approach as
well as the rigid oxygen-free poly(methyl methacrylate) environment allowed
to demonstrate explicit afterglow properties attributed to single molecules:
afterglow quantum yields of up to 3 % and 15 %, afterglow lifetimes up to
0.8 s and 3.2 s and afterglow durations up to 5 s and 25 s, for red (anDBA)
and blue-green (phenDBA) emitters, respectively. The presence of persistent
TADF not only enhances the afterglow quantum yields, but also allows to tune
the afterglow colour by simply changing the temperature. The afterglow
mechanism is a combination of i) the multiple available channels for an
efficient ISC between excited singlet and triplet states of different nature; ii)
the lowest excited LE triplet states (T1) with very low radiative and non-
radiative decay rates; and finally, iii) closely lying triplet and singlet states as
well as long-lived population of T; that both create the possibility for reverse
intersystem crossing, causing the appearance of TADF component through
intermediate states. Figure 22 illustrates the afterglow spectra of anDBA and
phenDBA compounds with main afterglow parameters.
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Figure 22. The afterglow spectra of anDBA (top) and phenDBA (bottom)
with key afterglow parameters: quantum yield, lifetime, and duration. The
photographs of tags with recorded information after the excitation is turned
off are also depicted.
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The properties of the studied compounds were further tested for
information recording. Two tags of different colours with encrypted
information were prepared (photographs are given in Figure 22). The tags
demonstrate red and cyan afterglow emission up to 2 s and 8 s, for anDBA
and phenDBA, respectively. The idea of information recording was based on
coating thin DBA layers of 0.2 wt% in PMMA on a glass and covering them
with poly(vinyl alcohol) (PVA) layers that serve as an oxygen barrier. The
data into these layers can be written by intense laser light and further read by
changing the irradiation intensity to a low level (alternatively, a CW light
source can be used), as only regions that were previously strongly irradiated
are glowing.

Conclusions

(i) A new class of purely organic room temperature afterglow materials are
demonstrated based on laterally expanded diboraanthracene scaffold with
transversal weak electron donating mesityl groups, determining the
appearance of higher-lying CT singlet and triplet excited states.

(if) The bi-component afterglow emission, combined of persistent TADF and
ultralong RT phosphorescence, can be tuned by structural changes and
environmental parameters: rigidity and oxygen saturation of samples,
concentration of compounds in polymer matrix and temperature.

(iii) The afterglow properties can be successfully applied to create emissive
layers (tags) for information recording.
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SANTRAUKA

Ivadas

Organinés medziagos yra ne tik nepakeiiama biologiniy sistemy dalis,
bet tampa vis labiau neatsiejamos ir nuo misy kasdienio technologinio
gyvenimo. Cheminés sintezés metu suformuotos organinés molekulés
sékmingai taikomos organiniy Sviestuky (OLED) gamyboje, kurie, savo
ruoztu, jau pladiai ir sékmingai naudojami pazangiose ekrany gamybos
technologijose. Be jau minétos sparciai augancios OLED rinkos, organiniai
puslaidininkiniai junginiai iSlieka patrauklis ir kitiems potencialiems
taikymams. Pavyzdziui, organinése saulés celése; kuriant lengvus nesiojamus
prietaisus, jskaitant ir biomedicininius jutiklius su sportu ar sveikata
susijusiems rodikliams sekti; taip pat, jvairiy temperatiros, drégmes, slégio,
dujy ir pan. jutikliy vystymui, kurie galéty biiti integruoti j aplinkoje esancius
daiktus; ar iSmaniyjy etikeCiy gamybai, kurios pasitarnauty tiek valgomy
produkty kokybés kontrolei, tiek jvairaus klastojimo prevencijai.?® Organiniy
junginiy populiarumy bei nenutrikstamus tyrimus pagrinde lemia jy
pranasumai prie§ tradicinius neorganinius puslaidininkius: galimybé
sumazinti gamybos kastus dél paprastos prietaisy gamybos, galimybé kurti
aplinkai draugiskas technologijas dél mazesniy gamybai reikalingy energijos
sagnaudy bei lengvai perdirbamy ar biologiskai skaidomy medZziagy
panaudojimo.®8’ Galy gale, organiniy molekuliy panaudojimas kuriant
prietaisus leisty iSgauti norimg jy funkcionalumg dél salyginai lengvai
kei¢iamy medziagy savybiy cheminés sintezés metodais.

Apskritai, didelé dalis potencialiy organiniy junginiy taikymy yra susij¢
su molekuliy liuminescencinémis savybémis. Suzadinus organinius junginius
Sviesa, liuminescencija gali biiti dvejopos prigimties — i§ $viesa suzadinty
singletiniy buseny (fluorescencija) arba i§ suzadintyjy tripletiniy buseny
(fosforescencija). Kadangi didZioji organiniy junginiy dalis pasizymi
fluorescencinémis savybémis, §is fenomenas buvo aktyviai tyrin¢jamas
daugiau nei Simtmetj. Tuo tarpu savo prigimtimi draustos tripletinés biisenos
ilgai buvo laikomos tamsiomis ir nepageidaujamomis, mat fosforescencija
retai pasireiskia kambario temperatiiroje, o tuo tarpu tripletiniy eksitoniniy
biseny sukiirimas lemia prastesnes junginiy fluorescencines savybes. Sis
pozitris | tripletus smarkiai pasikeité atsiradus geresnéms detektavimo
galimybéms bei sukiirus organinius metaly kompleksus su nasia kambario
temperatiros fosforescencija, siekianéia 100 %.% ! Jdomu tai, kad tikslingai
realizuojant bei iSnaudojant singlety ir triplety biisenas bei procesus,
vykstancius tarp $iy buiseny, galima gauti labai placig laiky skale dengiancias
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organiniy molekuliy gyvavimo trukmes, kurios toliau gali apspresti junginiy
panaudojimo  galimybes.  Pavyzdziui, pasitelkiant tik  singletus,
fluorescencijos gyvavimo trukmés realizuojamos nanosekundziy (~102° s)
laikingje skaléje. Tokios trukmés yra naudingos medziagas taikant jutikliy ar
Sviesg emituojanciy prietaisy (pavyzdziui, lazeriy ar $viestuky) kiirimui.*®1%
ISnaudojant tiek singletines, tiek tripletines biisenas, galima realizuoti tokius
procesus kaip termiSkai aktyvuota uzdelstoji fluorescencija (TADF) arba
triplety anihiliacija, dél kuriy atsiradusios uzdelstosios fluorescencijos
trukmés gali siekti mikrosekundes (~10° s). Tokios trukmés naudingos
organinius junginius pasitelkiant OLED karimuil®’ ar taikymams
vaizdinimui, fotodinaminei véZio terapijai bei fotokatalizei.'®!°® Tuo tarpu
tripletiniy biiseny panaudojimas, o ypac naujy visiskai organiniy kambario
temperatiiros fosforescencijos medziagy suktrimas, gali lemti labai ilgai
gyvuojanciy suzadinty biiseny egzistavima, kuriy gyvavimo trukmés gali
siekti nuo mikrosekundziy iki keliolikos sekundziy (10 s ~ 10* s). Tokios
ilgos gyvavimo trukmés atveria visiSkai naujas organiniy medziagy taikymo
galimybes kuriant saugumo sistemas, informacijos jraSymo, laikymo ir jos
kodavimo/Sifravimo metodus,?® o tai, savo ruoztu, lemia dar didesne
konkurencija su jprastais neorganiniais puslaidininkiniais Sviesg
emituojanciais diodais.

Vienas pagrindiniy veiksniy, lemianciy procesus tarp (Sviesa)
suzadintyjy biiseny, turinCiy skirtingus elektrony sukinius, yra elektroninio
Suolio prigimtis. Sio darbo kontekste bei atsizvelgiant j kriivio persiskirstyma
prie§ ir po molekulés suzadinimo, galima isskirti krtivio pernasos (CT) bei
lokaliai suzadintas (LE) biisenas. Vidumolekulinés CT tipo molekulés jprastai
kuriamos m-kunjuguotomis jungtimis sujungiant elektrony donorinius (D) ir
akceptorinius (A) fragmentus.?2 Sioms molekuléms biidingas jautrumas
aplinkos parametrams bei galimybé lengvai keisti funkcines savybes
modifikuojant struktiiras,?1?4-26 lémé beprecedent] organiniy singletiniy CT
buseny panaudojimg kuriant katijony, anijony, mazy neutraliy molekuliy,
biologijoje svarbiy junginiy, aplinkos ar lasteliy poliskumo, pH ar klampos
jutiklius, taip pat, kuriant ir pademonstruojant molekulinius rotorius,
tyringjant netiesinés optikos efektus ar tobulinant fluorescencinés
mikroskopijos metodus.”8-80.858688.90 CT molekuliy tyrimai tesési ilgus metus
ir buvo beprarandantys savo aktualumg, tacCiau visiSkai neseniai
pademonstruotos CT tipo molekulés su labai efektyviu TADF procesu, kuriuo
paremtas 3-Ciosios kartos OLED prietaisy kiirimas, 1émé minéty molekuliy
populiarumo atgimima.?-3! Verta paminéti, kad TADF proceso atsiradimas
yra daugiausiai nulemtas mazo energijos tarpo tarp singletiniy ir tripletiniy
buseny (4Esr), Kuris svarbus efektyviai atgalinei interkombinacinei
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konversijai vykti.®? Pasirodo, kad D-A tipo struktiiros yra itin patraukli
strategija Siems procesams realizuoti, mat Sioms molekuléms biidingas
virSutinés uZpildytos molekulinés orbitalées (HOMO) bei zemiausios
neuzpildytos molekulinés orbitalés (LUMO) erdvinis atskyrimas, kuris ir
nulems nedidelj AEg;.*82°30 Turbiit jau jprasta organinéje elektronikoje, kad
vieny palankesniy savybiy gavimas neigiamai paveikia kitas savybes: minétas
HOMO ir LUMO orbitaliy atskyrimas, t.y. maza §iy orbitaliy sanklota,
dazniausiai nulems ir mazesnius fluorescencijos bei uzdelstosios
fluorescencijos kvantinius naSumus.?” Tad D-A tipo struktiiros kiirimas TADF
procesui realizuoti — pakankamai sudétingas uzdavinys.

Taigi, akivaizdu, kad norint Kkurti organinés elektronikos prietaisus,
paremtus funkcinémis organinémis medziagomis, labai svarbu gerai suprasti
fundamentinius vyksmus suzadintose CT molekulése ir gebéti tiksliai bei
sistemingai valdyti tiek singletines, tiek tripletines biisenas bei tarp $iy biiseny
vykstanciy procesy parametrus.

Darbo tikslas, uzdaviniai ir naujumas

Sios disertacijos tikslas — sistemingai istirti 5 skirtingy vidumolekulinés
kriivio pernasos organiniy junginiy serijy fotofizikines savybes, siekiant
suprasti ir gebéti valdyti suZadintose molekulése vykstancius reiskinius bei
numatyti $iy junginiy galimus taikymus. Atlikti darbai pagal tiriamy
molekuliniy struktiiry ir juose vykstanciy reisSkiniy sudétinguma gali biiti
skirstomi, atsizvelgiant, kokj sukinj turin¢ios biisenos yra panaudojamos:
singletinés ar singletinés kartu su tripletinémis. Pirmuose dvejuose darbuose
bus nagrinéjamos CT junginiy serijy singletinés biisenos ir jy valdymo
galimybés, realizuojant susisukusig vidumolekuling kriivio pernasa (TICT)
arba dvigubg CT Suolj viename junginyje bei papildomai realizuojant
tarpmolekuling fotoindukuotg kriivio pernasa (PET). TreCiame ir ketvirtame
darbe tiriamos CT molekulinés sistemos yra sukurtos taip, kad biity realizuota
termiskai aktyvuojama uzdelstoji fluorescencija (TADF), reikalaujanti tiek
singletiniy, tiek tripletiniy biseny jtraukimo bei precizisko jy valdymo mazam
energijos tarpui tarp $iy bliseny gauti bei gebéti pagerinti TADF proceso
parametrus. Galiausiai, penktame darbe pristatomi naujos klasés junginiai
pasizymi labai kompleksiniu tiek singletiniy, tiek tripletiniy biiseny
i§sidéstymu, kai svarbu valdyti ne tik Zemiausias suzadintgsias, bet ir
aukstesnigsias blisenas nasios ir ilgos vélyvosios emisijos (angl. afterglow)
gavimui.
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Norint pasiekti pagrindinj disertacijos tiksla, buvo isSsikelti Sie uzdaviniai,
tinkami kiekvienai molekuliy serijai:

1. Pasitelkiant laike nuostoviosios ir kintancios emisijos spektroskopijos
metodus bei teorinj modeliavima, nustatyti tiriamy molekuliniy serijy
suzadintyjy biiseny savybes, dominuojancius procesus bei susijusius
parametrus, bandinius ruoSiant skirtingose tirpikliuose ir/ar kietoje
terpéje, palickant arba pasalinant deguonj.

2. Palyginti gautus eksperimentinius duomenis ir jvertinti fotofizikiniy
savybiy valdymo galimybes; atsirinkti optimalias molekulines
struktiiras bei terpes, kuriose paruosti bandiniai, jskaitant tinkamo
poliskumo tirpiklj arba tinkamag polimera sluoksniams ruosti, kitas
molekules kietai aplinkai suformuoti ir reikiamg bandiniy
koncentracija, kad buty optimizuotos ir maksimaliai pagerintos
vyraujancio proceso savybeés.

3. Pademonstruoti tiriamy molekuliy tinkamumg potencialiems
taikymams poliskumo, katijony ar temperattiros jutikliams kurti, taip
pat OLED prietaisams ar informacijos jraS§ymo sluoksniams gaminti.

Disertacija parengta kaip 5 moksliniy straipsniy rinkinys. Disertacijos
naujumas paremtas naujai susintetinty molekuliy moksliniais tyrimais bei i§
to sekanciomis iSvadomis. Visos disertacijoje nagrinéjamos temos buvo
publikuotos moksliniuose straipsniuose, kuriuose pristatomos ne tik naujos
organinés medziagos, bet ir jose vykstantys procesai bei galimybés juos
valdyti.

Ginamieji teiginiai

1. TICT biisenos susidarymas 1,8-naftalimido (elektrony akceptorius)
— dimetilanilino (elektrony donoras) junginiuose, sujungtuose
dvejais skirtingais btidais, nulemia stiprig singletiniy biiseny savybiy
priklausomybe nuo aplinkos parametry. Tirpiklio bei kietos polimero
matricos poliskumo keitimas leidzia atskirti dinaminés solvatacijos
ir sasukos reakcijos nulemtus procesus.

2. Dvejy asimetriniy, taciau identisky, elektrony donory prijungimas
prie purino kamieno per triazoly fragmentus leidzia sukurti D-A-D°
tipo molekules, kurios demonstruoja dviguba fluorescencija,
priskiriamg kriivio pernaSos btisenoms. Spektroskopinés tokiy
Molekuliy savybés toliau gali biiti valdomos pasitelkiant skirtingo
stiprumo donorus, kei¢iant aplinkos poliskuma ar pasitelkiant
kompleksacijg su metaly jonais.
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Organiniuose junginiuose su elektrony akceptoriniu benzofenono
fragmentu sujungtu su penkiais elektrony donoriniais karbazoly
pakaitais pasireiSkiancio TADF proceso efektyvuma riboja
nespindulinis tripletiniy suzadinty biiseny gesinimas. Sis gesinimas
gali buti nuslopintas struktiiriniais molekulés poky¢iais, kai fenilo
ziedas yra pakeic¢iamas metoksi grupe.
Karbazolo-naftiridino-karbazolo (D-A-D) tipo junginiuose TADF
proceso savybes pagrinde nulemia kriivio pernasos buisenos tarp D ir
A fragmenty stiprumas. CT biisena gali biiti valdoma pasitelkus
donoriniy pakaity geometrija, kuri pasikeis cheminés sintezés metu
jiterpus papildomas metily grupes.

Soniniy pakaity prijungimas prie stipraus elektrony akceptoriaus
policiklinio diboraantraceno kamieno bei silpny elektrony donoriniy
mesitilo grupiy jvedimas uztikrina optimalias salygas (atgalinei)
interkombinacinei konversijai vykti bei ilgai gyvuojanéioms
tripletiniy eksitony biisenoms egzistuoti. Tokios molekulés dél savo
savybiy bei atitinkamo aplinkos parinkimo (kieta, bedeguoné
polimero matrica) nulemia labai ilgos uzdelstosios fluorescencijos
bei kambario temperatiros fosforescencijos arba, vélyvosios
emisijos, atsiradima, kuriy savybés gali biiti papildomai valdomos
molekuliniy struktiiry, bandiniy koncentracijos, bandiniy kietumo ar
aplinkos temperatiiros pagalba.
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Autorés indélis

Disertacijos autoré atliko didZigja dalj disertacijoje pateikty organiniy
junginiy spektroskopijos eksperimenty, ruo$é bandinius skirtingais metodais,
taip pat apdorojo bei analizavo gautus rezultatus. Daug démesio ir laiko autore
skyré bendroms diskusijoms su disertacijos vadovu bei bendraautoriais,
skirtoms rezultatams aptarti bei numatyti tolimesnius reikalingus tyrimus.
Taip pat, rengé kai kurias mokslines publikacijas bei koordinavo straipsniy
publikavimo procesa. Doktorantiros metais autoré aktyviai uzmezgé naujus
bendradarbiavimo ryS$ius su uZsienio partneriais bei palaiké kontakta jau su
esamais.

Organiniy junginiy sintez¢ atliko Lietuvos ir uzsienio partneriai.
Naftalimidy junginiai buvo susintetinti dr. Daliaus Gudeikos ir prof. Juozo V.
Grazulevi¢iaus (KTU). Puriny junginiy serija buvo susintetinta Latvijos
organinés chemijos grupés, vadovaujamos prof. Maris Turks (Rygos
technikos universitetas). TADF aktyvis junginiai buvo susintetinti dr. Edvino
Oriento organinés chemijos grupés (VU). Diboraantraceny junginius
susintetino Vokietijos mokslininkai dr. Sven Kirschner ir prof. Matthias
Wagner (Getés universitetas, Frankfurtas).

Teorinj modeliavima atliko dr. Alytis Gruodis, dr. Regimantas Komskis
ir dr. Gediminas Kreiza (VU). Branduoliy magnetinio rezonanso
spektroskopijos tyrimus, skirtus metaly jony-junginiy kompleksacijai
nustatyti, atliko prof. Maris Turks grupé. Laike kintancios fluorescencijos
matavimus pikosekundziy laikiniame ruoze atliko dr. Gediminas JonuSauskas
(Bordo universitetas) ir dr. Paulius Baronas (VU). Dr. Paulius Baronas taip
pat atliko skirtuminés sugerties eksperimentus. Jkapsuliuotus diboraantraceno
bandinius, o taip pat ir §iais junginiais paremtus informacijos jraSymo
sluoksnius paruosé¢ dr. Steponas RaiSys (VU). Disertacijoje minimus
organinius §viestukus pagamino bei elektroliuminescencines jy savybes iStyré
dr. Dovydas Banevicius (VU). Dr. Rokas Skaisgiris (VU) patobulino laike
kintan¢ios emisijos matavimo jrangg ilgoms gyvavimo trukméms (>50 ms)
nustatyti.

Autoré dékoja kolegoms uz jsitraukima bei galimybg¢ bendradarbiauti.
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Rezultatai ir jy aptarimas

Sioje disertacijoje pristatomi moksliniai darbai apima organiniy
vidumolekuliniy kriivio pernasos junginiy fotofizikinius tyrimus. Kiekvienas
Zemiau aptartas rezultaty skyrius yra susijes su atitinkama moksline
publikacija. Atlikti darbai toliau gali buti kategorizuojami priklausomai nuo
to, ar buvo tiriamos tik singletiniy buseny (skyriai 1 ir 2) ar singletiniy ir
tripletiniy biiseny (skyriai 3, 4 ir 5) savybés bei jy valdymo galimybés.

Pirmame skyriuje (ir pirmoje mokslinéje publikacijoje) singletinés
eksitony biisenos yra valdomos pasitelkiant statmena elektrony donorinio ir
akceptorinio fragmenty sgsuka vienas kito atzvilgiu, arba, taip vadinamos
TICT busenos realizavimu. Antrame skyriuje pristatomos molekulinés
strukttiros su dviem nesimetriniais, ta¢iau vienodais, elektrony donorais, kurie
lemia dvigubos fluorescencijos atsiradima ir tarpmolekuling fotoindukuota
elektrono pernasa, atsirandanc¢ig molekuléms suformavus kompleksus su
metaly jonais. 3 ir 4 skyriai apima TADF medziagy fotofizikinius tyrimus, kai
yra pasitelkiamos ir valdomos tiek singletinés, tiek tripletinés bisenos. TADF
proceso parametrai gali buti efektyviai valdomi nezymiai koreguojant
molekulines struktiiras. Galiausiai, 5 skyriuje pristatomos kompleksinés
sistemos su silpnais elektrony donorais, kurie nulemia ne Zemiausiy, kaip
jprasta CT tipo molekuléms, taciau aukstesniyjy suzadintyjy CT biiseny
atsiradimg. Sios, savo ruoztu, nulemia tam tikry procesy tarp singletiniy ir
tripletiniy bseny atsiradima, reikalingg ilgai vélyvajai emisijai realizuoti.

1 skyrius. TICT busena D-A junginiuose: dinaminés solvatacijos ir sgsukos
tyrimas

Pirmoje publikacijoje atlikta iSsami dviejy naujai susintetinty A-m-D
fluorofory, kuriuose vyksta TICT reakcija, fotofiziké studija. Abu junginius
sudaro elektrony akceptorinis 1,8-naftalimido fragmentas sujungtas su
dimetilanilino grupe, panaudojant skirtingas m-konjuguotas jungtis: viengubg
jungti NA1 molekulés atveju ir acetileno-tipo jungti NA2 molekulés atveju
(zr. 1 paveiksla). Pasirinkti molekuliniai fragmentai ir jy tinkamas sujungimas
lemia skirtumus tarp molekuliy, kuriuos svarbu jvertinti atliekant
fotofizikinius tyrimus: NA1 molekul¢ yra Siek tiek susisukusi savo
pagrindinéje bisenoje, kai tuo tarpu, NA2 yra visiSkai plokscia; skiriasi
molekuliy konjugacijos ilgis bei dipoliniy momenty pokyciai suzadintoje
biisenoje. Sio tyrimo metu singletiniy biiseny savybés yra valdomos
pasitelkiant molekuliy geometrijg, kuri tam tikruose poliniuose tirpikliuose
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gali biiti nulemta statmenai vienas kito atzvilgiu pasisukusiy fragmenty. Taip
pat, suzadintyjy buiseny savybes lemia aplinkos parametrai: poliskumas arba
kietumas. Tokiais biidais kei¢iant molekuliy savybes bei iSnaudojant
nuostoviosios bei laike kintancios spektroskopijos metodus, galima atskirti
konkuruojancius procesus: dinaming solvatacija nuo TICT reakcijos bei
jvertinti TICT atsiradimo kelius.

e o
\ P
MO o=
NA1 NA2
1 paveikslas. Organiniy junginiy NA1 ir NA2 molekulinés struktiiros.

Abu junginiai demonstruoja CT busenoms budingas savybes.
Nepoliniuose ar mazai poliniuose tirpikliuose molekuliy geometrija tik Siek
tiek susisukusi (NA1) arba plokscia (NA2). Todél tokiuose tirpikliuose
stebimi auksti fluorescencijos kvantiniai naSumai. Tirpiklio poliskumo
didinimas nulemia konkurencijg tarp CT ir TICT biiseny. TICT biisena ima
dominuoti tirpikliuose, kuriy dielektriné konstanta (€) didesné nei 6. Tuomet
atsiranda labai efektyvus nespindulinis suzadinimo gesinimo kanalas, kurio
buvimas pasireiskia stipriu fluorescencijos kvantinio naSumu sumazéjimu (iki
0.1 % NA1 atveju ir iki 0.03 % NA2 atveju poliskiausiame acetonitrilo
tirpiklyje, kurio €=37.5) bei Zenkliai sutrumpé¢jusiomis fluorescencijos
gyvavimo trukmémis (nuo 3.4 ns ir 6.3 ns cikloheksano tirpiklyje, kurio
€=2.02, iki 70 ps ir 40 ps acetonitrilo tirpiklyje, atitinkamai NA1 ir NA2
molekuléms). PrieSingai aptartiems vyksmams tirpaluose, patalpinus
medziagas | kietus salyginai aukSto poliskumo polimerinius sluoksnius
(e=8.31) ir taip uzdraudus sasukos reakcijas, fluorescencijos kvantiniai
nasumai islieka gana auksti (apie 30 % - 40 %), o fluorescencijos gyvavimo
trukmés pailgéjo (iki 9.5 ns NA1 atveju ir iki 5.5 ns NA2 atveju) d¢l labiau
stabilizuoty CT buiseny. Skirtuminés sugerties spektroskopijos eksperimentai
papildomai leido jvertinti skirtingus TICT formavimosi budus: tiesiai i$
Franko-Kondono biisenos (kai dinaminé tirpiklio solvatacija dar néra pilnai
jvykusi) ir/arba i§ CT busenos (kai dinaminé solvatacija jau yra pilnai
jvykusi). Taip pat, Sio tyrimo metu paaiskéjo, kad Siek tiek susisukusi
molekulés geometrija pagrindinéje biisenoje netur¢jo jtakos greitesnei sagsuk0s
reakcijai suzadintoje busenoje. Taciau didesnis suZadintosios bisenos
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dipolinis momentas (NA2 atveju) lemia greiCiau vykstancius fotofizikinius
procesus.

Nors ir nepristatyta mokslingje publikacijoje, atitinkancioje §j tyrima,
NAT1 ir NA2 medziagos galéty biiti taikomas aplinkos polisSkumo nustatymui.
Aplinkos poliskumo jutimas galéty biiti realizuojamas pasitelkiant
ekstremalius Stokso poslinkius per visg regimg spektro dalj (iki 8601 cm™),
sumazgjusios fluorescencijos kvantinius nasumus ar gyvavimo trukmes,
didéjant aplinkos/tirpalo dielektrinei konstantai.

Apibendrinant tyrimo rezultatus, padarytos $ios iSvados:

a) TICT busenos susiformavimas A-n-D tipo naftalimido-n-
dimetilanilino junginiuose poliniame tirpiklyje (e>6) nulemia
efektyvaus nespindulinio suzadinimo gesinimo kanalo susidarymag,
kuris, savo ruoztu, sumazina fluorescencijos kvantinius nasumus ir
fluorescencijos gesimo trukmes.

b) Junginiy patalpinimas kietuose polimeriniuose sluoksniuose ir
galimybé keisti Siy sluoksniy poliskuma leido identifikuoti TICT
reakcija bei atskirti konkuruojancius suzadinty singletiniy biiseny
procesus: dinaming solvatacijg nuo sgsukos reakcijos, vykstancius
ankstyvuose laikuose.

c) TICT buasena gali susidaryti dviem bidais: i§ Franko-Kondono
busenos, kai dinaminé solvatacija dar néra pasibaigusi, arba i§ CT
biisenos, kai dinaminé solvatacija jau pasibaigusi.

2 skyrius. D-A-D’ molekulinés sistemos su kompleksacijos nulemta
fotoindukuota elektrono pernasa (purino junginiai)

Remiantis antraja publikacija, fotofizikiniai tyrimai buvo atlikti
keturiems 2,6-bis-(1,2,3-triazol-1-yl)purino junginiams (1-4), kuriuose
papildomi fragmentai prie purino kamieno prijungti asimetriskai C2 ir C6
pozicijose. Prijungti pakaitai pasizymi elektrony akceptorinémis (metil
karboksilatas, 1 junginys) arba skirtingo stiprumo elektrony donorinémis
savybémis (fenilo ziedas 2-oje molekuléje, 4-metoksifenilas 3-Cioje
molekuléje arba 4-N,N-dimetilaminofenilas 4-oje molekuléje). Junginiy
molekulinés strukttiros pateiktos 2 paveiksle. Asimetriniy taciau identisky
pakaity jvedimas leidzia sukurti D-A-D* tipo molekules, kuriose kriivio
pernasa gali vykti nepriklausomai tarp abiejy Saky ir purino Ziedo. Sis
vyksmas nulemia dvigubos fluorescencijos atsiradimag stipresnius donorus
turintiose 3 ir 4 molekulése. Siame darbe singletinés biisenos valdomos
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pasitelkiant skirtingus pakaitus. Kaip jprastai bidinga CT biisenoms, savybés
toliau gali buiti paveiktos skirtingu tirpikliy poliSkumu. Be to, pasirinkta
molekuliy strukttira uztikrino galimybe junginiams suformuoti kompleksus su
metaly jonais, kas leido realizuoti tarp molekuliy vykstancig fotoindukuota
krivio pernasg (PET). Sis procesas gali biti papildomai naudojamas
manipulivoti suzadinty singletiniy bliseny savybes uzgesinant mélynaja
fluorescencijos juosta.

Q 4
1 N
Aco—p %_O AcO—p __‘N Aco—p __‘N Aco—p __‘N
/
Ac d Ac Lb Ac h Ac

1 2 3 - 4 —

2 paveikslas. Molekulinés bis-triazolyl-puriny junginiy struktiiros su
prijungtu elektrony akceptoriniu fragmentu (1) ir prijungtais elektrony
donoriniais fragmentais (2, 3, 4).

Laike nuostoviosios ir laike kintancios spektroskopijos metodai bei
teorinis modeliavimas leido palyginti tirty junginiy savybes bei nustatyti
dvigubos fluorescencijos prigimtj junginiuose 3 ir 4. Jvertinus gautus
rezultatus tapo akivaizdu, kad mélynoji fluorescencijos juosta atsiranda dél
kriivio pernaSos, vykstancios C2 pozicijoje prijungtoje Sakoje (,,mélynoji
Saka), kai tuo tarpu, raudonoji fluorescencijos juosta yra susijusi su kriivio
pernasa C6 Sakoje (“raudonoji” Saka). Taigi, dvigubos fluorescencijos
prigimtis donorinius pakaitus turin¢iose molekulése — nepriklausomi krtivio
pernasos Suoliai tarp Sviesa suzadinty ir pagrindiniy singletiniy biiseny.

Skirtingo stiprumo elektrony donoriniai pakaitai lemia j raudongjg puse
besislenkancius sugerties ir fluorescencijos spektrus, taip pat skirtingg
emituojanciy biiseny atsiskyrimg fluorescencijos spektruose, fluorescencijos
kvantinius naSumus ir gyvavimo trukmes. 4-N,N-dimetilaminofenilo pakaitai
(4 junginys) nulémé geriausiai matoma dviejy CT biseny atsiskyrima
fluorescencijos spektre (spektro intensyviausiy veréiy padétys ties 513 nm ir
653 nm). Taciau stipris elektrony donoriniai pakaitai taip pat salygojo Zymy
fluorescencijos gesinima: 4 junginio fluorescencijos kvantinis na§umas siekia
vos 0.1% acetonitrilo tirpiklyje. Tuo tarpu kiek silpnesnés elektrony donorinés
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4-metoksi fenily grupés junginyje 3 leido realizuoti salyginai auksStus
fluorescencijos kvantinius nasumus (iki 20% acetonitrilo tirpiklyje) ir
pakankamg atskyrimg tarp fluorescencijos spektriniy juosty (spektro
intensyviausiy verciy padétys ties 393 nm ir 490 nm). Remiantis Siomis
savybémis, junginys 3 toliau buvo naudojamas pademonstruoti naujg
ratiometrinio fluorescencijos jutiklio koncepcija.

Triazolo grupiy panaudojimas jungtimis tarp purino ir dimetilfenily
uztikrino tirty junginiy kompleksacijos galimybe su metaly jonais. Branduoliy
magnetinio rezonanso metodu buvo nustatyta, kad Ca?* jungiasi prie dvejy
triazoly, o Zn?* formuoja kompleksa tarp triazolo C6 pozicijos ir purino N7
pozicijos. Kompleksacija su minétais metaly jonais jvyksta santykiu 1:3
(vienas metalo jonas ir trys purino molekulés). Kompleksy susidarymas
nulemia mélynosios fluorescencijos juostos gesinima, kai, tuo tarpu, raudonoji
fluorescencijos juosta yra beveik nepaveikta. Papildomi skirtuminés sugerties
tyrimai leido patvirtinti, kad dél molekuliy pakavimosi aplink metaly jong
jvyksta PET procesas tarp ,,mélynosios® ir ,,raudonosios* $aky, priklausanciy
skirtingoms molekuléms. Taigi, tokiu blidu pademonstruotas ratiometrinis
Ca?* ir Zn?* fluorescencinis jutiklis.

Darbo metu suformuluotos $ios iSvados:

a) Asimetriné D-A-D purino junginiy struktiira uztikrino dvigubos
fluorescencijos atsiradima dél dviejy nepriklausomy kriivio pernasos
vyksmy, susijusiy su skirtingomis elektrony donorinémis Sakomis.

b) Stipriausias  molekulinése  struktirose  naudotas  4-N,N-
dimetilaminofenilo fragmentas nulémé fluorescencijos gesinima
poliskiausiame tirpiklyje, tuo tarpu kiek silpnesnés elektrony
donorinés  4-metoksi  fenily grupés uztikrino pakankama
fluorescencijos kvantinj naSumg ir spektrinj fluorescencijos juosty
atsiskyrimg.

c) PET jvyksta tarp D ir D° fragmenty, priklausanéiy skirtingoms
molekuléms, kurios dél kompleksacijos su metaly jonais atsiduria
Salia viena kitos. Vykstantis tarpmolekulinis PET procesas lemia
mélynosios fluorescencijos juostos intensyvumo mazéjima. Sie
vyksmai buvo panaudoti ratiometrinio fluorescencinio metaly jony
jutiklio pademonstravimui.

74



3 skyrius. Triplety gesinimo valdymas TADF aktyviuose D-A junginiuose su
penkiomis elektrony donorinémis Sakomis (benzofenono/metilbenzoato-
karbazolai)

Penktame straipsnyje pristatomos CT medziagos, pasizymincios TADF
procesu. Du junginius sudaro 5 elektrony donoriniai karbazolyl fragmentai,
papildomai dekoruoti tert-butilo grupémis, ir elektrony akceptorinés grupés
benzofenonas (5tCzBP) arba metilbenzoatas (5tCzMeB) (zr. 3 paveiksla).
Siame darbe singletiniy ir tripletiniy suZadintyjy baseny valdymas, kuris
nulemia ir TADF proceso savybes, realizuojamas kontroliuojant
nespindulinio triplety eksitony gesinimo konstantg kZ,.. Pastaroji konstanta,
savo ruoztu, gali buti veikiama jvedant molekuliy struktiirinius pokycius:
benzofenono akceptoriniame fragmente laisvajj fenilo zieda pakeitus metoksi
grupe stipriai sumazeja nespindulinis triplety gesinimas.

5tCzMeB 5tCzBP

3 paveikslas. TADF aktyviy molekuliy 5tCzMeB ir 5tCzBP struktiiros.

Pasitelkiant teorinio modeliavimo metodus, buvo nustatyta, kad abejose
molekulése karbazoly grupés yra pasisukusios apytiksliai 60° -70° kampu
centrinio fenilo fragmento atzvilgiu. Tokia molekuliy geometrija uztikrino
pakankamg HOMO ir LUMO molekuliniy orbitaliy erdvinj atsiskyrima,
lemiant] pakankamai mazg AEsr (0.08 eV molekulei 5tCzMeB ir 0.10 eV
molekulei 5tCzBP). Maza orbitaliy sanklota nulémé vidutinio dydzio
osciliatoriaus stiprius bei pakankamas k, vertes (3.30x10® s* molekulei
5tCzBP ir 1.02x10” s** molekulei 5tCzMeB). TADF procesas nustatytas laike
kintancios emisijos eksperimenty pagalba, kurie atlikti tiek deguonimi
prisotintoje, tiek bedeguonéje aplinkoje. TADF patvirtinimui papildomai
matuotos fotoliuminescencijos intensyvumo priklausomybés nuo suzadinimo
galios.
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Efektyviam TADF procesui pasiekti bitinos auksStos atgalinés
interkombinacinés konversijos (RISC) spartos (kg;sc). Abu Siame darbe tirti
junginiai demonstruoja pakankamai aukstas kggc Vvertes: 3.81x10° st ir
4.44x10° s atitinkamai molekuléms 5tCzBP ir 5tCzMeB. Nepaisant to, buvo
nustatyta, kad RISC proceso naSumas skiriasi beveik du kartus: 53%
molekulei 5tCzBP ir 93% molekulei 5tCzMeB. Sis skirtumas galéty reiksti,
kad triplety eksitoninés blisenos zymiai efektyviau gesinamos mazesniu RISC
nasumu pasizyminciame 5tCzBP junginyje. Vadinasi, laisvojo fenilo ziedo
pakeitimas metoksi grupe leidzia efektyviai sumazinti nespindulinj
suzadintyjy triplety bliseny gesinimg, mat apskai¢iuotos 10 karty maZesnés
kT, vertés molekulés 5tCzMeB atveju (0.33x10¢ s?), lyginant su 5tCzBP
(3.32x106 s?). Efektyvus suzadintyjy tripletiniy bliseny gesinimas junginyje
5tCzMeB gali buti susijgs su laisvais fenilo Ziedo judesiais, pavyzdZziui
pasisukimu. [vesti struktiiriniai poky¢iai, t.y. metoksi grupé, leido realizuoti
beveik maksimaliai aukstg fotoliuminescencijos kvantinj naSumg 5tCzMeB
medziagoje.

Nasus RISC procesas ir aukstos k, vertés ypatingai svarbis siekiant
pritaikyti TADF aktyvias medziagas 3-Ciosios kartos organiniy Sviestuky
(OLED) kurimui. Taigi, junginys 5tCzMeB buvo panaudotas Sviesa
spinduliuojanc¢io OLED sluoksnio gamybai. Toks prietaisas pasizymejo
aukStu iSoriniu kvantiniu nasumu, siekianc¢iu 24.6 % bei zalsvai mélyna
elektroliuminescencija, kurios intensyviausia verté atitinka 481 nm.

ISvados:

a) Penkiy karbazoly fragmenty, veikianéiy kaip elektrony donorai,
prijungimas prie elektrony akceptoriniy benzofenono ar
metilbenzoato grupiy uztikrino CT tipo medziagy sukirima,
demonstruojanciy nasy TADF procesa.

b) Cheminé benzofenono akceptorinio fragmento modifikacija, laisvajj
fenilo Zieda pakeiCiant metoksi grupe, leidzia stipriai sumazinti
nespindulinj triplety gesinima, pasireiskiantj 10 karty sumazéjusia
kT konstanta.

c) Sumazintas nespindulinis tripletiniy eksitony gesinimas ir aukstos
krisc vertés karbazolo-metilbenzoato junginyje lémé beveik vienetui
lygy fotoliuminescencijos kvantinj nasuma. Tai savo ruoztu leido
sukurti itin naSy organinj mélynos spalvos Sviestuka, kurio iSorinis
kvantinis naSumas siekia 24.6 %.
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4. Sterine sgveika pasizymintys D-A-D junginiai mélynai TADF emisijai
(karbazolas-naftiridinas-karbazolas)

4-oje mokslinéje publikacijoje pristatomos D-A-D organinés medZziagos
mélynai TADF emisijai realizuoti. Junginius sudaro elektrony akceptorius
1,8-naftiridinas (ND) ir du elektrony donorai tert-butil-karbazolai (tCz).
Junginiy tCz-ND ir MetCz-ND, su papildomai jterptomis metily grupémis,
molekulinés struktiiros pateiktos 4-tame paveiksle. Sio darbo kontekste TADF
savybés valdomos pasitelkiant vandenilinius rySius bei CT saveika tarp D ir
A grupiy. Vandeniliniy ry$iy atsiradimas tarp N naftiridino atomy ir ar¢iausiai
esanciy H atomy padidina junginiy kiefumg, taip sumazinant nepageidaujamus
konformacinés netvarkos efektus. Elektrony akceptoriaus ir donoro tarpusavio
saveika, t.y. CT busenos, lemia TADF proceso atsiradimg bei §io proceso
savybes, taip pat emisijos spektro padétj bei spektro plotj (angl. trumpinys
FWHM). CT bisenos stiprumas gali buiti valdomas papildomai prijungiant
metilo grupes prie karbazoly fragmenty, mat dél sterinés sgveikos pasikeicia
donoriniy fragmenty pasisukimo kampas.

sNeeWy
DY

tCz-ND MetCz-ND

4 paveikslas. Molekulinés 1,8-naftiridino junginiy struktaros.

Nemodifikuotas tCz-ND junginys demonstruoja pakankamai silpnas CT
buisenos savybes, kadangi elektrony donorai yra pasisuke pakankamai mazu
31° kampu akceptoriaus atzvilgiu. Tuo tarpu metily grupés MetCz-ND
junginyje lemia minéty fragmenty pasisukima 51° laipsnio kampu, o tai lemia
geriau iSreik§tas CT biuisenos savybes: sumazéjusj osciliatoriaus stiprj,
sumazéjusj AEgr ir labiau pasislinkusj bei iSplatéjusj emisijos spektra. Abiejy
junginiy demonstruojama uzdelstoji fluorescencija buvo priskirta TADF
procesui. Nustatyti pakankamai mazi energijos tarpai tarp singletiniy ir
tripletiniy buseny (4Egy = 0.18 eV junginiui tCz-ND ir AEs; = 0.09 eV
junginiui MetCz-ND), auksti fotoliuminescencijos kvantiniai na§umai (76 %
ir 86 %) bei salyginai trumpos TADF gyvavimo trukmés (8.8 pus ir 3.1 ps),
lemiancios aukstas RISC spartas (0.34x106 st ir 1.06x10° s!). Minétos
savybés nustatytos kietuose sluoksniuose (7 wt%), mCP aplinkoje. I8 pateikty
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verciy matyti, kad stipriau pasireiSkianti CT blisena MetCz-ND molekuléje
nulemia geresnes TADF savybes. Kita vertus, junginio tCz-ND tamsiai
meélynos spalvos emisija (452 nm) ir pakankamai siauras spektras (FWHM=66
nm) suteikia didelj pranasuma medZziagos taikymams mélyno OLED kiirimui.

Pagaminti OLED prietaisai minéty medziagy pagrindu pasizyméjo
pakankamai geru iSoriniu kvantiniu nasumu: iki 17.6 % (MetCz-ND)
panaudojant vakuuminio garinimo gamybos metodg arba iki 13.5 % (tCz-ND)
panaudojant liejimo i$ tirpalo metoda. Elektroliuminescencija pasizyméjo
tamsiai mélyna spalva tCz-ND atveju arba Zalsvai-mélyna spalva MetCz-ND
atveju.

I$vados:

a) D-A-D tipo karbazolo-naftiridino-karbazolo junginiai demonstruoja
tamsiai mélyna/zalsvai mélyng TADF emisijg dé¢l efektyvaus HOMO-
LUMO atskyrimo panaudojant stering sgveika.

b) TADF proceso savybés gali biiti valdomos keiciant D-A saveika, t.y.
pasireiskiancios CT bisenos stiprumg. CT biisena, savo ruoztu, yra
valdoma prijungus papildomas metilo grupes prie karbazoly
fragmenty, taip pakei¢iant donoriniy fragmenty geometrijg. Sie
struktiiriniai pokyciai lemia 3 kartus iSaugusiy RISC sparta, taciau ir
labiau j raudongja pusg pasislinkusj emisijos spektra.

C) Auksti fotoliuminescencijos kvantiniai nasumai, mélyna emisijos
spektro sritis ir pakankamai trumpos TADF proceso gyvavimo
trukmés leidzia toliau taikyti tirtus junginius OLED prietaisy
gamyboje. Gauti mélyny ir zaliai mélyny organiniy $viestuky iSoriniai
kvantiniai naSumai siekia 17.6 %.

5. Stipraus akceptoriaus — silpny donory vélyvosios emisijos junginiai
(diboraantracenai)

5-tame disertacijos straipsnyje pristatomos dvi naujos molekulés,
demonstruojancios labai ilga vélyvaja emisija kambario temperatiiroje.
Organiniy junginiy 9,10-dimesitil-9,10-diboraantraceno (DBA) struktiira
sudaryta naudojant stipry elektrony akceptoriy diboraantraceng kartu su
silpnomis elektrony donorinés mesitil grupémis. Skirtingose molekulése prie
DBA fragmento yra prijungti skirtingi Soniniai pakaitai: acenaftilenas
(anDBA\) arba fenantrenas su tert-butil grupémis (phenDBA), Zr. 5 paveiksla.
Verta paminéti, kad Siame darbe tirtos medziagos néra standartiniai CT tipo
junginiai, mat zemiausios suzadintosios singletinés ir tripletinés biisenos
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pasizymi lokaliu suzadinimu (t.y., LE biisena). Taciau silpni elektrony
donoriniai pakaitai lemia aukStesniyjy CT buseny atsiradima, kurios yra
svarbios ISC ir RISC realizavimui. Sie efektai kartu su labai ilgai
gyvuojanéiomis tripletinémis biisenomis dél itin mazy kI, veréiy leido
realizuoti vélyvaja emisija, kurig sudaro ilgai iSlickantis TADF ir
fosforescencija. Minéti Soniniai DBA kamieno pakaitai leido keisti
suzadintyjy biiseny energijas: anDBA fluorescencijos ir fosforescencijos
spektrai raudonesni nei phenDBA. Be to, $iy junginiy savybés papildomai gali
buti valdomos keiCiant junginiy koncentracija sluoksniuose, keiCiant
sluoksniy kietumg, panaudojant atkaitinima, ar kei¢iant temperattira.

anDBA phenDBA

5 paveikslas. Molekuliy anDBA ir phenDBA struktiiros.

Ilgai gyvuojanti emisija aptinkama bandinius patalpinus | bedeguong
poli(metil metakrilato) (PMMA) matricg. Darbo metu buvo nustatyti Sie
vélyvosios emisijos parametrai: kvantiniai nasumai iki 3 % ir iki 15 %,
gyvavimo trukmés iki 0.8 s ir iki 3.2 s, kurios tesiasi iki 5 s ir iki 25 s
atitinkamai anDBA ir phenDBA junginiams. TADF proceso indélis j bendra
emisijos spektrg leidzia ne tik pagerinti vélyvosios emisijos naSuma, bet ir
suteikia galimybe keisti Sios emisijos spalva, keiCiant temperattirg. Labai ilgai
gyvuojanéios emisijos atsiradimg lemia: i) keli skirtingi kanalai
interkombinacinés konversijos procesui vykti tarp skirtingos elektroninés
prigimties singletiniy ir tripletiniy biiseny; ii) lokaliu suzadinimu pasiZyminti
7emiausia suzadinto tripleto biisena, su labai mazomis kT ir kX, spartomis; iii)
energetiniu atzvilgiu arti tarpusavyje esancios singletinés ir tripletinés
bisenos bei ilgai gyvuojanti zemiausio suzadinto triplety biisena, kurie kartu
uztikrina optimalias salygas RISC procesui vykti, kuris ir lemia TADF
atsiradima.
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Toliau S$iy junginiy savybés buvo panaudotos specialiy sluoksniy
kirimui, kuriuose galima jrasyti informacija. Siy sluoksniy kiirimo idéja
paremta tuo, kad PMMA sluoksniai, paruosti deguonimi prisotintoje
aplinkoje, papildomai padengiami polivinilo acetato (PVA) sluoksniu, kuris
véliau veiks kaip barjeras deguoniui. Informacija j sluoksnj jraSoma
intensyvia lazerio Sviesa, kuri nulemia didelg tripletiniy biiseny generacija
DBA junginiuose. Tripletai i§ pradziy gesinami deguonies molekuliy, esanéiy
polimero matricoje, pagalba. Taip sugeneruojamas singletinis deguonis, kuris,
savo ruoztu, reaguoja su aplink esanciu polimeru. Taip tam tikrose apSviestose
vietose sumazinama deguonies koncentracija. Todél bandinj véliau apsvietus
maziau intensyvia Sviesa, skirta suzadinti molekules, Sviesa emituoja tik tos
vietos, kurios pries tai buvo apsviestos intensyvia lazerio spinduliuote.

Sio darbo i$vados:

a) Pristatyta nauja organiniy medziagy klas¢ kambario temperatiiroje
demonstruoja vélyvaja emisijg. Organiniai junginiai sudaryti i$
Soniniais pakaitais dekoruoto diboraantraceno kamieno ir silpny
elektrony donoriniy mesitilo grupiy, lemianciy aukstesniyjy
suzadintyjy CT tipo singletiniy ir tripletiniy biiseny atsiradima.

b) Bi-komponenté vélyvoji emisija sudaryta i$ ilgai iSliekan¢io TADF ir
ilgai gyvuojandios kambario temperatiiros fosforescencijos. Siy
procesy savybés gali biti valdomos struktiiriniais molekuliy
pokyc¢iais ir aplinkos parametrais: bandiniy koncentracija sluoksnyje,
sluoksnio kietumu, deguonies buvimu arba temperatira.

¢) Sios medziagos dél savo savybiy gali bati taikomos 3viesa
emituojanciy sluoksniy kiirimui, skirty informacijos jraSymui.

80



10.

11.

12.

13.

14.

BIBLIOGRAPHY

OLED Market Size to Worth Around USD 214.8 Billion by 2030.
https://www.precedenceresearch.com/oled-market.

Basirico, L., Mattana, G. & Mas-Torrent, M. Editorial: Organic
Electronics: Future Trends in Materials, Fabrication Technigues and
Applications. Front. Phys. 10, 307 (2022).

Organic semiconductors open up new possibilities in electronics.
https://hellofuture.orange.com/en/organic-semiconductors-open-up-
new-possibilities-in-electronics/.

Yokota, T., Fukuda, K. & Someya, T. Recent Progress of Flexible
Image Sensors for Biomedical Applications. Adv. Mater. 33, 2004416
(2021).

Ostroverkhova, O. Organic Optoelectronic Materials: Mechanisms and
Applications. Chem. Rev. 116, 13279-13412 (2016).

Three ways organic electronics is changing technology as we know it.
https://theconversation.com/three-ways-organic-electronics-is-
changing-technology-as-we-know-it-63287.

Sun, L., Fukuda, K. & Someya, T. Recent progress in solution-
processed flexible organic photovoltaics. npj Flex. Electron. 6, 1-14
(2022).

Valeur, B. Molecular Fluorescence. Principles and Applications.
(Wiley-VCH Verlag GmbH & Co. KGaA, 2002).

Kohler, A. & Béssler, H. Triplet states in organic semiconductors.
Mater. Sci. Eng. R Reports 66, 71-109 (2009).

Baldo, M. A. et al. Highly efficient phosphorescent emission from
organic electroluminescent devices. Nature 395, 151-154 (1998).
Lamansky, S. et al. Highly phosphorescent bis-cyclometalated iridium
complexes: Synthesis, photophysical characterization, and use in
organic light emitting diodes. J. Am. Chem. Soc. 123, 4304-4312
(2001).

Guo, S. et al. Recent Progress in Pure Organic Room Temperature
Phosphorescence of Small Molecular Host-Guest Systems. ACS
Mater. Lett. 3, 379-397 (2021).

Adachi, C. & Sandanayaka, A. S. D. The Leap from Organic Light-
Emitting Diodes to Organic Semiconductor Laser Diodes. CCS Chem.
2,1203-1216 (2020).

Wu, D. et al. Fluorescent chemosensors: the past, present and future.
Chem. Soc. Rev. 46, 7105-7123 (2017).

81



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Oyama, Y. et al. Design Strategy for Robust Organic Semiconductor
Laser Dyes. ACS Mater. Lett. 2, 161-167 (2020).

Hong, G. et al. A Brief History of OLEDs—Emitter Development and
Industry Milestones. Adv. Mater. 33, 2005630 (2021).

Lim, H. et al. Breaking the Efficiency Limit of Deep-Blue Fluorescent
OLEDs Based on Anthracene Derivatives. Adv. Mater. 34, 2100161
(2022).

Fang, F. et al. Thermally Activated Delayed Fluorescence Material:
An Emerging Class of Metal-Free Luminophores for Biomedical
Applications. Adv. Sci. 8, 2102970 (2021).

Bryden, M. A. & Zysman-Colman, E. Organic thermally activated
delayed fluorescence (TADF) compounds used in photocatalysis.
Chem. Soc. Rev. 50, 75877680 (2021).

Yan, X. et al. Recent Advances on Host-Guest Material Systems
toward Organic Room Temperature Phosphorescence. Small 18,
2104073 (2022).

Misra, R. & Bhattacharyya, S. P. Intramolecular Charge Transfer.
(Wiley-VCH Verlag GmbH & Co. KGaA, 2018).

Grabowski, Z. R. & Rotkiewicz, K. Structural Changes Accompanying
Intramolecular Electron Transfer: Focus on Twisted Intramolecular
Charge-Transfer States and Structures. Chem. Rev 103, 3899-4031
(2003).

Braun, D., Rettig, W., Delmond, S., Létard, J.-F. & Lapouyade, R.
Amide Derivatives of DMABN: A New Class of Dual Fluorescent
Compounds. J. Phys. Chem. A 101, 68366841 (1997).

Bure§, F. Fundamental aspects of property tuning in push-pull
molecules. RSC Adv. 4, 58826-58851 (2014).

Liang, X. & Zhang, Q. Recent progress on intramolecular charge-
transfer compounds as photoelectric active materials. Sci. China
Mater. 60, 1093-1101 (2017).

Kumar, R., Aggarwal, H. & Srivastava, A. Of Twists and Curves:
Electronics, Photophysics, and Upcoming Applications of Non-Planar
Conjugated Organic Molecules. Chem. — A Eur. J. 26, 10653-10675
(2020).

Uoyama, H., Goushi, K., Shizu, K., Nomura, H. & Adachi, C. Highly
efficient organic light-emitting diodes from delayed fluorescence.
Nature 492, 234-238 (2012).

Adachi, C., Xie, G., Reineke, S. & Zysman-Colman, E. Editorial:
Recent Advances in Thermally Activated Delayed Fluorescence
Materials. Front. Chem. 8, 1140 (2020).

82



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Xie, F. M., Zhou, J. X., Li, Y. Q. & Tang, J. X. Effects of the relative
position and number of donors and acceptors on the properties of
TADF materials. J. Mater. Chem. C 8, 9476-9494 (2020).

Data, P. & Takeda, Y. Recent Advancements in and the Future of
Organic Emitters: TADF- and RTP-Active Multifunctional Organic
Materials. Chem. — An Asian J. 14, 1613-1636 (2019).

Huang, T., Jiang, W. & Duan, L. Recent progress in solution
processable TADF materials for organic light-emitting diodes. J.
Mater. Chem. C 6, 5577-5596 (2018).

Duan, Y. C. et al. Fluorescence, Phosphorescence, or Delayed
Fluorescence? - A Theoretical Exploration on the Reason Why a Series
of Similar Organic Molecules Exhibit Different Luminescence Types.
J. Phys. Chem. C 122, 2309123101 (2018).

Jabtonstski, A. Efficiency of anti-stokes fluorescence in dyes. Nature
131, 839-840 (1933).

Lakowicz, J. R. Principles of Fluorescence Spectroscopy. (Springer,
2006).

Kasha, M. Characterization of electronic transitions in complex
molecules. Discuss. Faraday Soc. 9, 14-19 (1950).

Itoh, T. Fluorescence and phosphorescence from higher excited states
of organic molecules. Chem. Rev. 112, 4541-4568 (2012).

Koziar, J. C. & Cowan, D. O. Photochemical Heavy-Atom Effects.
Acc. Chem. Res. 11, 334-341 (1978).

Lees, A. J. Luminescence Properties of Organometallic Complexes.
Chem. Rev. 87, 711-743 (1987).

Reichardt, C., Vogt, R. A. & Crespo-Hernandez, C. E. On the origin
of ultrafast nonradiative transitions in nitro-polycyclic aromatic
hydrocarbons: Excited-state dynamics in 1-nitronaphthalene. J. Chem.
Phys. 131, 224518 (2009).

Minns, R. S., Parker, D. S. N., Penfold, T. J., Worth, G. A. & Fielding,
H. H. Competing ultrafast intersystem crossing and internal conversion
in the “ channel 3” region of benzene. Phys. Chem. Chem. Phys. 12,
15607-15615 (2010).

Dias, F. B., Penfold, T. J. & Monkman, A. P. Photophysics of
thermally activated delayed fluorescence molecules. Methods Appl.
Fluoresc. 5, 012001 (2017).

Dias, F. B. Kinetics of thermal-assisted delayed fluorescence in blue
organic emitters with large singlettriplet energy gap. Philos. Trans. R.
Soc. A Math. Phys. Eng. Sci. 373, (2015).

El-Sayed, M. A. Spin-orbit coupling and the radiationless processes in

83



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

nitrogen heterocyclics. J. Chem. Phys. 38, 2834-2838 (1963).

Noda, H. et al. Critical role of intermediate electronic states for spin-
flip processes in charge-transfer-type organic molecules with multiple
donors and acceptors. Nat. Mater. 18, 1084-1090 (2019).

Xu, Y., Xu, P., Hu, D. & Ma, Y. Recent progress in hot exciton
materials for organic light-emitting diodes. Chem. Soc. Rev. 50, 1030—
1069 (2021).

Maeda, H., Maeda, T. & Mizuno, K. Absorption and fluorescence
spectroscopic properties of 1- and 1,4-silyl-substituted naphthalene
derivatives. Molecules 17, 5108-5125 (2012).

Zhang, F. et al. Self-assembly, optical and electrical properties of
perylene diimide dyes bearing unsymmetrical substituents at bay
position. Sci. Rep. 8, 8208 (2018).

Maciejewski, A. & Steer, R. P. Spectral and photophysical properties
of 9,10-diphenylanthracene in perfluoro-n-hexane: the influence of
solute—solvent interactions. J. Photochem. 35, 59-69 (1986).
Grabowski, Z. R., Rotkiewicz, K. & Siemiarczuk, A. Dual
fluorescence of donor-acceptor molecules and the Twisted
Intramolecular Charge Transfer (TICT) states. J. Lumin. 18-19, 420-
424 (1979).

Skardziute, L. et al. Synthesis and optical properties of the isomeric
pyrimidine and carbazole derivatives: Effects of polar substituents and
linking topology. Dye. Pigment. 118, 118-128 (2015).

Eberle, B., Hiibner, O., Ziesak, A., Kaifer, E. & Himmel, H. J. What
Makes a Strong Organic Electron Donor (or Acceptor)? Chem. — A
Eur. J. 21, 8578-8590 (2015).

Jursénas, S. Organiniai puslaidininkiai. (Biznio masiny kompanija,
2008).

Skaisgiris, R. et al. Origin of dual emission in c-bridged donor-
acceptor TADF compounds. J. Mater. Chem. C 7, 12601-12609
(2019).

Woon, K.-L. et al. Intramolecular Dimerization Quenching of Delayed
Emission in Asymmetric D-D'-A TADF Emitters. J. Phys. Chem. C
123, 12400-12410 (2019).

Aydemir, M. et al. Photophysics of an Asymmetric Donor—Acceptor—
Donor’ TADF Molecule and Reinterpretation of Aggregation-Induced
TADF Emission in These Materials. J. Phys. Chem. C 121, 17764—
17772 (2017).

Li, W. et al. Employing ~100% Excitons in OLEDs by Utilizing a
Fluorescent Molecule with Hybridized Local and Charge-Transfer

84



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Excited State. Adv. Funct. Mater. 24, 1609-1614 (2014).

Shizu, K. & Kaji, H. Comprehensive understanding of multiple
resonance thermally activated delayed fluorescence through quantum
chemistry calculations. Commun. Chem. 5, 53 (2022).

Kochman, M. A., Durbeej, B. & Kubas, A. Simulation and Analysis of
the Transient Absorption Spectrum of 4-(N,N-
Dimethylamino)benzonitrile (DMABN) in Acetonitrile. J. Phys.
Chem. A 125, 8635-8648 (2021).

Park, M., Kim, C. H. & Joo, T. Multifaceted ultrafast intramolecular
charge transfer dynamics of 4-(dimethylamino)benzonitrile
(DMABN). J. Phys. Chem. A 117, 370-377 (2013).

Zhong, C. The driving forces for twisted or planar intramolecular
charge transfer. Phys. Chem. Chem. Phys. 17, 9248-9257 (2015).
Nandi, A., Ghosh, R. & Palit, D. K. Excited state relaxation pathways
of 4-dimethylamino-B-nitrostyrene: Effect of solvent polarity and
donor-acceptor conjugation. J. Photochem. Photobiol. A Chem. 321,
171-179 (2016).

Zheng, S. et al. Structural effects on the pH-dependent fluorescence of
naphthalenic derivatives and consequences for sensing/switching.
Photochem. Photobiol. Sci. 11, 1675-1681 (2012).

Wang, C. et al. Quantitative Design of Bright Fluorophores and
AlEgens by the Accurate Prediction of Twisted Intramolecular Charge
Transfer (TICT). Angew. Chemie 132, 10246-10258 (2020).

Guido, C. A., Mennucci, B., Jacquemin, D. & Adamo, C. Planar vs.
twisted intramolecular charge transfer mechanism in Nile Red: new
hints from theory. Phys. Chem. Chem. Phys. 12, 8016-8023 (2010).
Goémez, 1., Castro, P. J. & Reguero, M. Insight into the Mechanisms of
Luminescence of Aminobenzonitrile and Dimethylaminobenzonitrile
in Polar Solvents. An ab Initio Study. J. Phys. Chem. A 119, 1983-
1995 (2015).

Chi, W. et al. A Photoexcitation-Induced Twisted Intramolecular
Charge Shuttle. Angew. Chemie Int. Ed. 58, 7073-7077 (2019).
Wang, C. et al. Twisted intramolecular charge transfer (TICT) and
twists beyond TICT: From mechanisms to rational designs of bright
and sensitive fluorophores. Chem. Soc. Rev. 50, 12656-12678 (2021).
Marcus, R. A. On the Theory of Oxidation-Reduction Reactions
Involving Electron Transfer. 1. J. Chem. Phys. 24, 966 (1956).
Escudero, D. Revising Intramolecular Photoinduced Electron Transfer
(PET) from First-Principles. Acc. Chem. Res. 49, 1816-1824 (2016).
Natali, M., Campagna, S. & Scandola, F. Photoinduced electron

85



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

transfer across molecular bridges: electron- and hole-transfer
superexchange pathways. Chem. Soc. Rev. 43, 4005-4018 (2014).
Santoro, A. et al. Photoinduced Electron Transfer in Organized
Assemblies—Case Studies. Molecules 27, 2713 (2022).

de Silva, A. P., Fox, D. B., Moody, T. S. & Weir, S. M. The
development of molecular fluorescent switches. TRENDS Biotechnol.
19, 29-34 (2001).

de Silva, A. P., Moody, T. S. & Wright, G. D. Fluorescent PET
(photoinduced electron transfer) sensors as potent analytical tools.
Analyst 134, 2385-93 (2009).

Valeur, B. Design principles of fluorescent molecular sensors for
cation recognition. Coord. Chem. Rev. 205, 3-40 (2000).

Daly, B., Ling, J. & de Silva, A. P. Current developments in
fluorescent PET (photoinduced electron transfer) sensors and switches.
Chem. Soc. Rev. 44, 4203-4211 (2015).

Carter, K. P., Young, A. M. & Palmer, A. E. Fluorescent sensors for
measuring metal ions in living systems. Chem. Rev. 114, 4564-4601
(2014).

Magri, D. C. Logical sensing with fluorescent molecular logic gates
based on photoinduced electron transfer. Coord. Chem. Rev. 426,
213598 (2021).

Xiao, H., Li, P. & Tang, B. Recent progresses in fluorescent probes for
detection of polarity. Coord. Chem. Rev. 427, 213582 (2021).

Li, L., Wang, J., Xu, S., Li, C. & Dong, B. Recent Progress in
Fluorescent Probes For Metal lon Detection. Front. Chem. 10, 398
(2022).

Tian, X., Murfin, L. C., Wu, L., Lewis, S. E. & James, T. D.
Fluorescent small organic probes for biosensing. Chem. Sci. 12, 3406—
3426 (2021).

Park, S. H., Kwon, N., Lee, J. H., Yoon, J. & Shin, I. Synthetic
ratiometric fluorescent probes for detection of ions. Chem. Soc. Rev.
49, 143-179 (2020).

Du, K. et al. A highly selective ratiometric fluorescent probe for the
cascade detection of Zn2+ and H2PO4— and its application in living
cell imaging. RSC Adv. 7, 40615-40620 (2017).

Zhang, S., Zhao, M., Zhu, W., Xu, Y. & Qian, X. A highly sensitive,
selective ratiometric fluorescent probe for cobalt(ll) and its
applications for biological imaging. Dalt. Trans. 44, 9740-9743
(2015).

Huang, Y., Zhang, Y., Huo, F., Wen, Y. & Yin, C. Design strategy and

86



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

bioimaging of small organic molecule multicolor fluorescent probes.
Sci. China Chem. 63, 1742-1755 (2020).

de Silva, A. P. et al. Signaling Recognition Events with Fluorescent
Sensors and Switches. Chem. Rev. 97, 1515-1566 (1997).

Sasaki, S., Drummen, G. P. C. & Konishi, G. Recent advances in
twisted intramolecular charge transfer (TICT) fluorescence and related
phenomena in materials chemistry. J. Mater. Chem. C 4, 2731-2743
(2016).

Han, J. & Burgess, K. Fluorescent indicators for intracellular pH.
Chem. Rev. 110, 2709-2728 (2010).

Sun, W., Li, M., Fan, J. & Peng, X. Activity-Based Sensing and
Theranostic Probes Based on Photoinduced Electron Transfer. Acc.
Chem. Res. 52, 2818-2831 (2019).

Magri, D. C., Johnson, A. D. & Spiteri, J. C. Fluorescent Photoinduced
Electron Transfer (PET) Logic Gates for Acidity (pH) and Redox
Potential (pE). J. Fluoresc. 27, 551-559 (2017).

Schubert, J., Schulze, A., Prodromou, C. & Neuweiler, H. Two-colour
single-molecule photoinduced electron transfer fluorescence imaging
microscopy of chaperone dynamics. Nat. Commun. 12, 6964 (2021).
Adachi, C. Third-generation organic electroluminescence materials.
Jpn. J. Appl. Phys. 53, 060101 (2014).

Eng, J. & Penfold, T. J. Understanding and Designing Thermally
Activated Delayed Fluorescence Emitters: Beyond the Energy Gap
Approximation. Chem. Rec. 20, 831-856 (2020).

Olivier, Y., Moral, M., Muccioli, L. & Sancho-Garcia, J.-C. Dynamic
nature of excited states of donor—acceptor TADF materials for OLEDs:
how theory can reveal structure—property relationships. J. Mater.
Chem. C 5, 5718-5729 (2017).

Ward, J. S. et al. The interplay of thermally activated delayed
fluorescence (TADF) and room temperature organic phosphorescence
in sterically-constrained donor—acceptor charge-transfer molecules.
Chem. Commun. 52, 2612-2615 (2016).

Gibson, J., Monkman, A. P. & Penfold, T. J. The Importance of
Vibronic Coupling for Efficient Reverse Intersystem Crossing in
Thermally  Activated  Delayed  Fluorescence  Molecules.
ChemPhysChem 17, 2956-2961 (2016).

Marian, C. M. Spin-orbit coupling and intersystem crossing in
molecules. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2, 187-203
(2012).

Penfold, T. J., Gindensperger, E., Daniel, C. & Marian, C. M. Spin-

87



98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

1009.

110.

Vibronic Mechanism for Intersystem Crossing. Chem. Rev. 118, 6975—
7025 (2018).

Marian, C. M. Mechanism of the Triplet-to-Singlet Upconversion in
the Assistant Dopant ACRXTN. J. Phys. Chem. C 120, 3715-3721
(2016).

Tian, X., Sun, H., Zhang, Q. & Adachi, C. Theoretical predication for
transition energies of thermally activated delayed fluorescence
molecules. Chinese Chem. Lett. 27, 1445-1452 (2016).

Dias, F. B. et al. Triplet harvesting with 100% efficiency by way of
thermally activated delayed fluorescence in charge transfer OLED
emitters. Adv. Mater. 25, 3707-3714 (2013).

Hirata, S. et al. Highly efficient blue electroluminescence based on
thermally activated delayed fluorescence. Nat. Mater. 14, 330-336
(2015).

Gibson, J. & Penfold, T. J. Nonadiabatic coupling reduces the
activation energy in thermally activated delayed fluorescence. Phys.
Chem. Chem. Phys. 19, 8428-8434 (2017).

Lyskov, I. & Marian, C. M. Climbing up the ladder: Intermediate
triplet states promote the reverse intersystem crossing in the efficient
TADF emitter ACRSA. J. Phys. Chem. C 121, 21145-21153 (2017).
Andrea, D. K. et al. Thermally Activated Delayed Fluorescence:
Polarity, Rigidity, and Disorder in Condensed Phases. J. Am. Chem.
Soc. 144, 15211-15222 (2022).

Dhali, R., Phan Huu, D. K. A., Terenziani, F., Sissa, C. & Painelli, A.
Thermally activated delayed fluorescence: A critical assessment of
environmental effects on the singlet—triplet energy gap. J. Chem. Phys.
154, 134112 (2021).

Fu, C. et al. Highly efficient deep-blue OLEDs based on hybridized
local and charge-transfer emitters bearing pyrene as the structural unit.
Chem. Commun. 55, 6317-6320 (2019).

Pan, Y. et al. Theoretical investigation of high-efficiency organic
electroluminescent material: HLCT state and hot exciton process. RSC
Adv. 7, 19576-19583 (2017).

Hatakeyama, T. et al. Ultrapure Blue Thermally Activated Delayed
Fluorescence Molecules: Efficient HOMO-LUMO Separation by the
Multiple Resonance Effect. Adv. Mater. 28, 2777-2781 (2016).
Hasan, M. et al. Exciton—Exciton Annihilation in Thermally Activated
Delayed Fluorescence Emitter. Adv. Funct. Mater. 30, 2000580
(2020).

Lin, T.-A. et al. Sky-Blue Organic Light Emitting Diode with 37%

88



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

External Quantum Efficiency Using Thermally Activated Delayed
Fluorescence from Spiroacridine-Triazine Hybrid. Adv. Mater. 28,
6976-6983 (2016).

Gong, X. et al. High-efficiency red thermally activated delayed
fluorescence emitters based on benzothiophene-fused spiro-acridine
donor. Chem. Eng. J. 405, 126663 (2021).

Kuang, Z. et al. Conformational Relaxation and Thermally Activated
Delayed Fluorescence in Anthraquinone-Based Intramolecular
Charge-Transfer Compound. J. Phys. Chem. C 122, 3727-3737
(2018).

Liu, Y., Li, C., Ren, Z, Yan, S. & Bryce, M. R. All-organic thermally
activated delayed fluorescence materials for organic light-emitting
diodes. Nat. Rev. Mater. 3, 18020 (2018).

Gan, N. et al. Recent Advances in Polymer-Based Metal-Free Room-
Temperature Phosphorescent Materials. Adv. Funct. Mater. 28,
1802657 (2018).

Xu, S. et al. Excited State Modulation for Organic Afterglow:
Materials and Applications. Adv. Mater. 28, 9920-9940 (2016).

Lin, Z., Kabe, R., Wang, K. & Adachi, C. Influence of energy gap
between charge-transfer and locally excited states on organic long
persistence luminescence. Nat. Commun. 11, 191 (2020).

Ma, H. et al. Room-Temperature Phosphorescence in Metal-Free
Organic Materials. Ann. Phys. 531, 1800482 (2019).

Ma, H., Peng, Q., An, Z., Huang, W. & Shuai, Z. Efficient and Long-
Lived Room-Temperature Organic Phosphorescence: Theoretical
Descriptors for Molecular Designs. J. Am. Chem. Soc. 141, 1010-1015
(2019).

Kenry, Chen, C. & Liu, B. Enhancing the performance of pure organic
room-temperature phosphorescent luminophores. Nat. Commun. 10,
2111 (2019).

Gu, L. et al. Colour-tunable ultra-long organic phosphorescence of a
single-component molecular crystal. Nat. Photonics 13, 406-411
(2019).

Jia, W., Wang, Q., Shi, H., An, Z. & Huang, W. Manipulating the
Ultralong Organic Phosphorescence of Small Molecular Crystals.
Chem. — A Eur. J. 26, 4437-4448 (2020).

Ma, H. et al. Hydrogen Bonding-Induced Morphology Dependence of
Long-Lived Organic Room-Temperature Phosphorescence: A
Computational Study. J. Phys. Chem. Lett. 10, 6948-6954 (2019).
Zhao, W., He, Z. & Tang, B. Z. Room-temperature phosphorescence

89



124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

from organic aggregates. Nat. Rev. Mater. 5, 869-885 (2020).

An, Z. et al. Stabilizing triplet excited states for ultralong organic
phosphorescence. Nat. Mater. 14, 685-690 (2015).

Ma, X. K. & Liu, Y. Supramolecular Purely Organic Room-
Temperature Phosphorescence. Acc. Chem. Res. 54, 3403-3414
(2021).

Forni, A., Lucenti, E., Botta, C. & Cariati, E. Metal free room
temperature phosphorescence from molecular self-interactions in the
solid state. J. Mater. Chem. C 6, 4603-4626 (2018).

Louis, M. et al. Blue-Light-Absorbing Thin Films Showing Ultralong
Room-Temperature Phosphorescence. Adv. Mater. 31, 1807887
(2019).

Kropp, J. L. & Dawson, W. R. Radiationlese deactivation of triplet
coronene in plastics. J. Phys. Chem. 71, 4499-4506 (1967).

Jin, J. et al. Thermally activated triplet exciton release for highly
efficient tri-mode organic afterglow. Nat. Commun. 11, 842 (2020).
Wang, X. et al. TADF-Type Organic Afterglow. Angew. Chemie Int.
Ed. 60, 17138-17147 (2021).

Yang, Y. et al. Efficient and Color-Tunable Dual-Mode Afterglow
from Large-Area and Flexible Polymer-Based Transparent Films for
Anti-Counterfeiting and Information Encryption. Angew. Chemie Int.
Ed. 61, e202201820 (2022).

Zhang, Y. et al. Large-Area, Flexible, Transparent, and Long-Lived
Polymer-Based Phosphorescence Films. J. Am. Chem. Soc. 143,
13675-13685 (2021).

Ma, Z. et al. Converting molecular luminescence to ultralong room-
temperature phosphorescence via the excited state modulation of
sulfone-containing heteroaromatics. Chem. Sci. 12, 14808-14814
(2021).

Fu, Y. et al. Boosting external quantum efficiency to 38.6% of sky-
blue delayed fluorescence molecules by optimizing horizontal dipole
orientation. Sci. Adv. 7, eabj2504 (2021).

Wang, J. et al. Triarylboron-cored multi-donors TADF emitter with
high horizontal dipole orientation ratio achieving high performance
OLEDs with near 39% external quantum efficiency and small
efficiency Roll-off. Chem. Eng. J. 450, 137805 (2022).

Zhang, Y. et al. Multi-Resonance Deep-Red Emitters with Shallow
Potential-Energy Surfaces to Surpass Energy-Gap Law**. Angew.
Chemie Int. Ed. 60, 20498-20503 (2021).

Chan, C. Y. et al. Stable pure-blue hyperfluorescence organic light-

90



138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

emitting diodes with high-efficiency and narrow emission. Nat.
Photonics 15, 203-207 (2021).

Kyulux says it is on track to commercialize green Hyperfluorescence
materials in 2023, red and blue in 2024 | OLED Info. https://www.oled-
info.com/kyulux-says-it-track-commercialize-green-
hyperfluorescence-materials-2023-red.

Chen, W. & Song, F. Thermally activated delayed fluorescence
molecules and their new applications aside from OLEDs. Chinese
Chem. Lett. 30, 1717-1730 (2019).

Ma, W. et al. Thermally activated delayed fluorescence (TADF)
organic molecules for efficient X-ray scintillation and imaging. Nat.
Mater. 21, 210-216 (2022).

Fang, F. et al. Near-Infrared Thermally Activated Delayed
Fluorescence Nanoparticle: A Metal-Free Photosensitizer for Two-
Photon-Activated Photodynamic Therapy at the Cell and Small
Animal Levels. Small 18, 2106215 (2022).

Zhen, X. et al. Ultralong Phosphorescence of Water-Soluble Organic
Nanoparticles for In Vivo Afterglow Imaging. Adv. Mater. 29,
1606665 (2017).

Jiang, Y. et al. A generic approach towards afterglow luminescent
nanoparticles for ultrasensitive in vivo imaging. Nat. Commun. 10, 1-
10 (2019).

Gao, R., Mei, X,, Yan, D., Liang, R. & Wei, M. Nano-photosensitizer
based on layered double hydroxide and isophthalic acid for singlet
oxygenation and photodynamic therapy. Nat. Commun. 9, 2798
(2018).

Lei, Y. et al. Wide-Range Color-Tunable Organic Phosphorescence
Materials for Printable and Writable Security Inks. Angew. Chemie Int.
Ed. 59, 16054-16060 (2020).

Ding, L. & Wang, X. D. Luminescent Oxygen-Sensitive Ink to
Produce Highly Secured Anticounterfeiting Labels by Inkjet Printing.
J. Am. Chem. Soc. 142, 13558-13564 (2020).

Wang, Z. et al. Color-Tunable Polymeric Long-Persistent
Luminescence Based on Polyphosphazenes. Adv. Mater. 32, 1907355
(2020).

Hirata, S. et al. Reversible Thermal Recording Media Using Time-
Dependent Persistent Room Temperature Phosphorescence. Adv. Opt.
Mater. 1, 438442 (2013).

Zhou, Y. et al. Long-Lived Room-Temperature Phosphorescence for
Visual and Quantitative Detection of Oxygen. Angew. Chemie 131,

91



150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

12230-12234 (2019).

Gmelch, M., Thomas, H., Fries, F. & Reineke, S. Programmable
transparent organic luminescent tags. Sci. Adv. 5, eaau7310 (2019).
Suzuki, K. et al. Reevaluation of absolute luminescence quantum
yields of standard solutions using a spectrometer with an integrating
sphere and a back-thinned CCD detector. Phys. Chem. Chem. Phys. 11,
9850 (2009).

Leyre, S. et al. Absolute determination of photoluminescence quantum
efficiency using an integrating sphere setup. Rev. Sci. Instrum. 85,
123115 (2014).

Edinburgh  Instruments, FLS980 Series Reference Guide.
https://www.edinst.com/wp-content/uploads/2016/02/FL.S980-Series-
Reference-Guide-Integrating-Sphere.pdf.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson, G. A.;
Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J.;
Janesko, B. G.; Gomper, J. B. . F. Gaussian 16, Revision C.01.
Gaussian, Inc., Wallingford CT (2016).

Neese, F. The ORCA program system. Wiley Interdiscip. Rev. Comput.
Mol. Sci. 2, 73-78 (2012).

Neese, F. Software update: The ORCA program system—Version 5.0.
Wiley Interdiscip. Rev. Comput. Mol. Sci. 12, €1606 (2022).

Lu, T. & Chen, F. Multiwfn: A multifunctional wavefunction analyzer.
J. Comput. Chem. 33, 580-592 (2012).

Jacquemin, D. et al. Absorption and emission spectra of 1,8-
naphthalimide fluorophores: A PCM-TD-DFT investigation. Chem.
Phys. 372, 61-66 (2010).

Marinova, N. V., Georgiev, N. I. & Bojinov, V. B. Facile synthesis,
sensor activity and logic behaviour of 4-aryloxy substituted 1,8-
naphthalimide. J. Photochem. Photobiol. A Chem. 254, 54-61 (2013).
Oelgemoller, M. & Kramer, W. H. Synthetic photochemistry of
naphthalimides and related compounds. J. Photochem. Photobiol. C
Photochem. Rev. 11, 210-244 (2010).

Gudeika, D. et al. New derivatives of triphenylamine and
naphthalimide as ambipolar organic semiconductors: Experimental
and theoretical approach. Dye. Pigment. 106, 58-70 (2014).

Bojinov, V. B., Georgiev, N. I. & Marinova, N. V. Design and
synthesis of highly photostable fluorescence sensing 1,8-
naphthalimide-based dyes containing s-triazine UV absorber and
HALS units. Sensors Actuators, B Chem. 148, 6-16 (2010).

92



163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Gudeika, D. et al. Structure properties relationship of donor-acceptor
derivatives of triphenylamine and 1,8-naphthalimide. J. Phys. Chem,
C 116, 14811-14819 (2012).

Xu, S. Y. et al. Synthesis and evaluation of a boronate-tagged 1,8-
naphthalimide probe for fluoride recognition. Org. Biomol. Chem. 13,
4143-4148 (2015).

Gopikrishna, P., Meher, N. & lyer, P. K. Functional 1,8-Naphthalimide
AIE/AIEEgens: Recent Advances and Prospects. ACS Appl. Mater.
Interfaces 10, 12081-12111 (2018).

Geraghty, C., Wynne, C. & Elmes, R. B. P. 1,8-Naphthalimide based
fluorescent sensors for enzymes. Coord. Chem. Rev. 437, 213713
(2021).

Duke, R. M., Veale, E. B., Pfeffer, F. M., Kruger, P. E. &
Gunnlaugsson, T. Colorimetric and fluorescent anion sensors: An
overview of recent developments in the use of 1,8-naphthalimide-
based chemosensors. Chem. Soc. Rev. 39, 39363953 (2010).

Yu, H., Guo, Y., Zhu, W., Havener, K. & Zheng, X. Recent advances
in 1,8-naphthalimide-based small-molecule fluorescent probes for
organelles imaging and tracking in living cells. Coord. Chem. Rev.
444, 214019 (2021).

Gudeika, D. et al. Electron-transporting naphthalimide-substituted
derivatives of fluorene. Dye. Pigment. 99, 895-902 (2013).

Liu, K. et al. Electrooxidative para-selective C—H/N—-H cross-coupling
with hydrogen evolution to synthesize triarylamine derivatives. Nat.
Commun. 10, 639 (2019).

Xu, W., Chan, K. M. & Kool, E. T. Fluorescent nucleobases as tools
for studying DNA and RNA. Nat. Chem. 9, 1043-1055 (2017).
Novosjolova, 1., Bizdena, E. & Turks, M. Synthesis and applications
of azolylpurine and azolylpurine nucleoside derivatives. European J.
Org. Chem. 2015, 3629-3649 (2015).

Zilbershtein-Shklanovsky, L., Weitman, M., Major, D. T. & Fischer,
B. Rules for the design of highly fluorescent nucleoside probes: 8-
(substituted cinnamyl)-adenosine analogues. J. Org. Chem. 78, 11999
12008 (2013).

Yang, Y. et al. Blue-violet electroluminescence from a highly
fluorescent purine. Chem. Mater. 22, 3580-3582 (2010).

Yang, Y. et al. Ultraviolet-violet electroluminescence from highly
fluorescent purines. J. Mater. Chem. C 1, 2867-2874 (2013).

Wang, Z. et al. Purine-based thermally activated delayed fluorescence
emitters for efficient organic light-emitting diodes. Dye. Pigment. 180,

93



177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

108437 (2020).

Sun, K. M., McLaughlin, C. K., Lantero, D. R. & Manderville, R. A.
Biomarkers for phenol carcinogen exposure act as pH-sensing
fluorescent probes. J. Am. Chem. Soc. 129, 1894-1895 (2007).
Venkatesh, V., Shukla, A., Sivakumar, S. & Verma, S. Purine-
stabilized green fluorescent gold nanoclusters for cell nuclei imaging
applications. ACS Appl. Mater. Interfaces 6, 2185-2191 (2014).

Li, J. et al. Nucleoside-Based Ultrasensitive Fluorescent Probe for the
Dual-Mode Imaging of Microviscosity in Living Cells. Anal. Chem.
88, 5554-5560 (2016).

Sisulins, A. et al. Synthesis and fluorescent properties of N(9)-
alkylated 2-amino-6-triazolylpurines and 7-deazapurines. Beilstein J.
Org. Chem. 15, 474-489 (2019).

Collier, G. S. et al. Linking design and properties of purine-based
donor-acceptor chromophores as optoelectronic materials. J. Mater.
Chem. C 5, 6891-6898 (2017).

Wex, B. & Kaafarani, B. R. Perspective on carbazole-based organic
compounds as emitters and hosts in TADF applications. J. Mater.
Chem. C 5, 8622-8653 (2017).

Hosokai, T. et al. Evidence and mechanism of efficient thermally
activated delayed fluorescence promoted by delocalized excited states.
Sci. Adv. 3, 1603282 (2017).

Noda, H., Nakanotani, H. & Adachi, C. Excited state engineering for
efficient reverse intersystem crossing. Sci. Adv. 4, eaa06910 (2018).
Zhang, D., Cai, M., Zhang, Y., Zhang, D. & Duan, L. Sterically
shielded blue thermally activated delayed fluorescence emitters with
improved efficiency and stability. Mater. Horizons 3, 145-151 (2016).
Youn Lee, S. etal. Luminous Butterflies: Efficient Exciton Harvesting
by Benzophenone Derivatives for Full-Color Delayed Fluorescence
OLEDs. Angew. Chemie Int. Ed. 53, 6402-6406 (2014).

Li, Y., Xie, G., Gong, S., Wu, K. & Yang, C. Dendronized delayed
fluorescence emitters for non-doped, solution-processed organic light-
emitting diodes with high efficiency and low efficiency roll-off
simultaneously: two parallel emissive channels. Chem. Sci. 7, 5441—
5447 (2016).

Lee, S. Y. Yasuda, T. Park, I. S. & Adachi, C. X-shaped
benzoylbenzophenone derivatives with crossed donors and acceptors
for highly efficient thermally activated delayed fluorescence. Dalt.
Trans. 44, 8356-8359 (2015).

Wang, F. et al. Twisted penta-Carbazole/Benzophenone Hybrid

94



190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Compound as Multifunctional Organic Host, Dopant or Non-doped
Emitter for Highly Efficient Solution-Processed Delayed Fluorescence
OLED:s. Chinese J. Chem. 36, 241-246 (2018).

Lesher, G. Y., Froelich, E. J., Gruett, M. D., Bailey, J. H. & Brundage,
R. P. 1,8-Naphthyridine Derivatives. A New Class of
Chemotherapeutic Agents. J. Med. Pharm. Chem. 5, 1063-1065
(1962).

Srivastava, S. K., Jha, A., Agarwal, S. K., Mukherjee, R. & Burman,
A. C. Synthesis and Structure-Activity Relationships of Potent
Antitumor Active Quinoline and Naphthyridine Derivatives.
Anticancer. Agents Med. Chem. 7, 685-709 (2008).

Chen, C. et al. Naphthyridine-based thermally activated delayed
fluorescence emitters for multi-color organic light-emitting diodes
with low efficiency roll-off. J. Mater. Chem. C 7, 46734680 (2019).
Lee, Y., Woo, S. J., Kim, J. J. & Hong, J. I. Linear-shaped thermally
activated delayed fluorescence emitter using 1,5-naphthyridine as an
electron acceptor for efficient light extraction. Org. Electron. 78,
105600 (2020).

Shen, Y. F. et al. Naphthyridine-based thermally activated delayed
fluorescence emitters for highly efficient blue OLEDs. Dye. Pigment.
178, 108324 (2020).

Ji, L., Griesbeck, S. & Marder, T. B. Recent developments in and
perspectives on three-coordinate boron materials: a bright future.
Chem. Sci. 8, 846-863 (2017).

Hoffend, C. et al. Effects of boron doping on the structural and
optoelectronic properties of 9,10-diarylanthracenes. Dalt. Trans. 42,
13826-13837 (2013).

Reus, C., Weidlich, S., Bolte, M., Lerner, H. W. & Wagner, M. C-
functionalized, air- and water-stable 9,10-dihydro-9,10-
diboraanthracenes: Efficient blue to red emitting luminophores. J. Am,
Chem. Soc. 135, 12892-12907 (2013).

Wu, T. L. et al. Diboron compound-based organic light-emitting
diodes with high efficiency and reduced efficiency roll-off. Nat.
Photonics 12, 235-240 (2018).

Hsieh, C. M. et al. Diboron-Based Delayed Fluorescent Emitters with
Orange-to-Red Emission and Superior Organic Light-Emitting Diode
Efficiency. ACS Appl. Mater. Interfaces 12, 2319923206 (2020).

95



CURRICULUM VITAE

Justina JovaiSaité

Birth date 02/05/1991

Email jovaisaite.justina@gmail.com,
justina.jovaisaite@ff.vu.lt

Education
2016 — 2020 PhD in Physics
& Vilnius University, Faculty of Physics, Institute of

2022 — 2023 Photonics and Nanotechnology

* Maternity Research topic: “Control of singlet and triplet states in
leave in 2020- organic intramolecular charge transfer compounds”
2022 Supervisor prof. Saulius Jur$énas

2014 — 2016 Master‘s degree in Materials Technology
Vilnius University, Faculty of Physics, Institute of
Photonics and Nanotechnology
Studies: Materials and Technology of Optoelectronics
Thesis: “Fluorescence sensors based on nitrogen
heterocycles materials”
Supervisor prof. Saulius Jur$énas

2010 - 2014 Bachelor’s degree in Physics
Vilnius University, Faculty of Physics, Institute of
Photonics and Nanotechnology
Studies: Physics of Modern Technologies and
Management
Thesis: “Fluorescence sensing of metal ions by using
pyrrole-pyrimidine derivatives”
Supervisor prof. Saulius Jur$énas

Research/Work experience

2018 — Junior Research Fellow

present Vilnius University, Institute of Photonics
and Nanotechnology

2016 — 2018 Engineer

Vilnius University, Institute of Photonics
and Nanotechnology

96


mailto:jovaisaite.justina@gmail.com
mailto:justina.jovaisaite@ff.vu.lt

Participation in scientific projects

2022 —
present

2018 — 2022

2018 — 2022

Junior Research Fellow

“Molecular Electronics in functionalized
Purines: fundamental Study and applications
(MEPS)”, The Research Council of Lithuania.
Project no. S-LLT-22-3. Project supervisor
prof. S. Jur$énas.

Junior Research Fellow

"Development of advanced optoelectronic
materials via smart molecular engineering*,
SMART, The Research Council of Lithuania.
Project no. 09.3.3-LMT-K-718-01-0026.
Project supervisor prof. S. Jur§énas.

Junior Research Fellow

"Triplet state engineering in organic
optoelectronics compounds”, Global Grant,
The Research Council of Lithuania. Project
n0.09.3.-LMT-K-712-01-0084. Project
supervisor dr. K. Kazlauskas.

Internship and Practice

04/2018 —
06/2018

11/2017 -
04/2018

Internship, supported by the Research Council of
Lithuania

Université de Bordeaux, Laboratoire Ondes et
Matiére d'Aquitaine (LOMA), France

Project topic: “Internship in LOMA laboratory, France,
to study ultrafast excited state processes in bis-triazolyl-
purine derivatives”. Project no. 09.3.3-LMT-K-712-07-
0004)

Supervisor dr. Gediminas JonuSauskas

Erasmus+ internship

Université de Bordeaux, Laboratoire Ondes et
Matiere d'Aquitaine (LOMA), France
Research topic: “Solvent and metal ion effect
studies on the photophysics of purine,

97


https://www.u-bordeaux.fr/
https://www.u-bordeaux.fr/

09/2015 -
12/2015

09/2013 -
05/2016

02/2013 -
05/2013

11/2011 -
05/2012

pyrimidine, pyrrole-pyrimidine and additional
materials by steady-state and transient
absorption spectroscopy.”

Supervisor dr. Gediminas JonuSauskas

Erasmus+ internship

Centre National de la Recherche Scientifique (CNRS),
Laboratoire Francis Perrin, CEA/Saclay, France
Research topic: “Solvent effects on the

photophysics of 5-methylcytidine, studied by
steady-state and time-resolved fluorescence

spectroscopy (femtosecond fluorescence

upconversion)”

Supervisor dr. Akos Banyasz

Practice according to scholarship of Jurgis
Viscakas

Vilnius University, Department of Physics
Research topic: “Metal ion sensing by pyrrole-
pyrimidine, pyrimidine and purine derivatives
Supervisors dr. Lina Skardzitité and prof.
Saulius JurSénas

Students’ scientific research of Physics 2013
Vilnius University, Department of Physics
Research topic: “Research of charge transfer in
multifunctional pyrrole-pyrimidines”
Supervisor prof. Saulius Jur$énas

Students’ scientific research of Physics 2011
Vilnius University, Department of Physics
Research topic: “Alkyl chain length effect on
the fluorescence properties of triphenylamine
derivatives”

Supervisor dr. Karolis Kazlauskas

98



COPIES OF PUBLICATIONS

99



Paper |

TICT compounds by design: comparison of two
naphthalimide-rn-dimethylaniline conjugates of
different lengths and ground state geometries

J. Jovaisaité, P. Baronas, G. Jonusauskas, D.
Gudeika, A. Gruodis, J. V. Grazulevicius and S.
JurSénas

Phys. Chem. Chem. Phys., 25, 2411-2419 (2023)
DOI: 10.1039/d2cp04250a
https://doi.org/10.1039/D2CP04250A

100


https://doi.org/10.1039/D2CP04250A

7 RovAL SOCIETY
-~ OF CHEMISTRY

PCCP

View Article Online

View Journal

TICT compounds by design: comparison of two
naphthalimide-rn-dimethylaniline conjugates of
different lengths and ground state geometriest

'.) Check for updates

Cite this: DOI: 10.1039/d2cp04250a

Justina Jovaisaité, ) *° Paulius Baronas, (2 Gediminas Jonusauskas, ®°
Dalius Gudeika, 2 ¢ Alytis Gruodis,® Juozas V. Grazulevicius & ¢ and
Saulius Jursénas®

Two new twisted intramolecular charge transfer (TICT) donor-n-acceptor compounds were designed by
combining a well-known electron acceptor naphthalimide unit with a classic electron donor
dimethylaniline through two types of different rigid linkers. The combined steady-state and time-
resolved spectroscopy of molecules in solvents of different polarities in comparison to solid-state
solvation experiments of doped polymer matrixes of different polarities allowed distinguishing between
solvation and conformation determined processes. The photophysical measurements revealed that non-
polar solutions possess high fluorescence quantum yields of up to 70% which is a property of pre-
twisted/planar molecules in the excited charge transfer (CT) states. The increase of polarity allows tuning
the Stokes shift through all the visible wavelength range up to 8601 cm™ which is accompanied by a
three orders of magnitude drop of fluorescence quantum yields. This is a result of the emerged TICT
states as dimethylaniline twists to a perpendicular position against the naphthalimide core. The TICT
reaction of molecules enables an additional non-radiative excitation decay channel, which is not present
if the twisting is forbidden in a rigid polymer matrix. Transient absorption spectroscopy was employed to
visualize the excited state dynamics and to obtain the excited state reaction constants, revealing that
TICT may occur from both the Franck-Condon region and the solvated pre-twisted/planar CT states.
Both molecules undergo the same photophysical processes, however, a longer linker and thus a higher
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Introduction

Organic n-conjugated molecules with electron donating (D) and
electron accepting (A) characters represent so-called push-pull
systems with an intramolecular charge transfer (CT) character
which is essential to realize tuneable structural and functional
properties for organic optoelectronic applications. The main
strategy to design specific features of CT compounds comprises
the appropriate selection of D and A moieties connected
through n-conjugated linkers and the substitution position as
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excited state dipole moment determines the faster excited state reactions.

well as the realization of planar/twisted and rigid/flexible
molecular scaffolds. The conformational differences resulting
in a perpendicular configuration of D and A fragments in the
excited state may be further classified as a twisted intra-
molecular charge transfer (TICT) state, first proposed by Gra-
bowski et al.' TICT states undergo full charge separation as
twisting around the single bond leads to the deconjugation of
electron donor and acceptor excited states, and are desirable
for electrostatic force driven molecular motors, fluorescent
molecular rotors, switches, probes, bioimaging, and lighting
or even energy harvesting techniques.”™ Depending on the
targeted application, both suppression and enhancement of
TICT states could be required.®

In terms of molecular orbitals, the excited state geometry
can be predicted considering several factors: (i) the HOMO-
LUMO energy gaps between planar and twisted geometries; (i)
the difference in the hole-electron interactions; and (iii) the
geometry relaxation of the excited state.® The first factor, mostly
contributing to the formation of TICT, states that TICT is only
possible if the twisted geometry has a smaller HOMO-LUMO
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gap than that of a planar geometry, which can be favoured by
strong HOMO-D and LUMO-A interactions.® Intuitively, TICT
can be predicted by selecting an electron donor with a low
ionization potential and an electron acceptor with a high
electron affinity and an appropriate conjugation length
between these two groups.® If TICT is favourable in a molecular
system, it is more likely to occur in non-viscous, polar solvents
due to the unrestricted molecular motions and better stabili-
zation of polar charge transfer states.”

1,8-Naphthalimides (NIs), one of the well-known electron
acceptors, are considered among the most important building
blocks of efficient fluorescent materials.® Due to the relative
simplicity of synthetic operations for targeted modification,'’
tuneable photophysical properties,"" photostability,"* thermo-
stability'* and biocompatibility,'* NI materials have received
tremendous attention from the scientific community and became
a highly adaptable scaffold with a huge diversity of proposed real
life applications.'” These include studies demonstrating NI com-
pounds as materials for optoelectronic devices (OLEDs, organic
solar cells, logic gates),"**' as well as bio®** and chemo-
sensors®*® or even as fluorescent cell imaging agents.””
Having in mind a redox potential of the 1,8-naphthalimide core
(~—1.8V, vs. Ag/Ag"),*" many of the strategies for the mentioned
applications cover the simple design of adding an electron
donating substituent to the NI core at its 4th position to create
donor-acceptor (D-A) type compounds with a CT character. One
of the classic electron-donating substituents is N,N-dimethyl-
aniline (DMA) with a redox potential of at least 0.65 V (vs. Ag/
AgCl),** which may serve as a perfect charge donor with a high
driving force for the intramolecular charge transfer upon combi-
nation with the NI core through selected linkers.

Thus, in this work, we present a comprehensive study of two
new A-n-D fluorophores with electron acceptor NI and electron
donor DMA fragments connected through two types of linkers
at the 4th position of the NI core: single bond (NA1) or
acetylene-like junction (NA2) (Fig. 1). Diverse pre-requisites
(pre-twisted or planar ground state geometries as well as
different conjugation lengths and different molecular dipolar
moments in the excited state) were compared by steady-state
and time-resolved spectroscopic methods; the transient absorp-
tion spectroscopy provided the main insights and allowed
visualizing the dynamics of CT and TICT reactions, governed
by environmental parameters (polarity and rigidity) and mole-
cular properties. The supplementary studies of both com-
pounds in rigid polymer matrices made it possible to clearly
differentiate the spectral effects produced by dynamic solvation
from those observed in the excited charge transfer states.

Results and discussion
DFT modelling, intramolecular charge transfer

Optimized ground state geometries and charge density distri-
butions in the HOMO and LUMO states of compounds NA1 and
NA2 in cyclohexane (CyHex) are depicted in Fig. 1. Both
molecules reveal a CT nature of the electronic transition. The
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Fig. 1 Molecular structures and optimized ground state geometries with
calculated electron density distributions for HOMO and LUMO molecular
orbitals of compounds NAL1 (a) and NA2 (b) in cyclohexane.

HOMO state comprises charge redistribution between NI and
DMA moieties, while the charge density in the LUMO state is
localized mainly on the NI core. The studied compounds show
different twist angles between NI and DMA moieties. Com-
pound NA1 with phenyl ring as a n-linker has a pre-twisted
geometry in a ground state: the twist angle between dimethy-
lamine and benzene (¢,) is 7°, while between NI and DMA (¢,)
is 53°. Compound NA2 with the phenyl-acetylene junction
possesses a planar ground state geometry. The energies of
upward transitions of singlet states as well as a short comment
on the excited state optimization are provided in the ESIt
(Table S1).

CT and TICT states probed by steady-state and time-resolved
fluorescence spectroscopy

Normalized absorption and fluorescence spectra of NA1 and
NA2 in a range of aprotic solvents are depicted in Fig. 2.
Photophysical data obtained by steady-state and time-resolved
fluorescence experiments are summarized in Table 1.

As already predicted from molecular structures (A-n-D), both
molecules exhibit photophysical properties characteristic to CT
states. The absorption spectra are comprised of higher energy
bands, typical of dimethylaniline (285-313 nm)** 1,8-
naphthalimide (350 nm)*** fragment absorption and the CT
state absorption at 407-448 nm in various solutions, also
observed for similar D-A naphthalimide derivatives.'"***
The structureless absorption band of NA1 and a clear vibronic
structure of NA2 in CyHex confirm the pre-twisted and planar
ground state geometries, respectively. Upon increasing the
polarity of the solvent, a slight red-shift and a gradual

This journal is © the Owner Societies 2022
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Fig. 2 Normalized absorption and fluorescence spectra of compounds NA1 (a) and NA2 (b) in different solvents: cyclohexane (CyHex), toluene (TOL),
diethyl ether (DEE), chloroform (Chlr), ethyl acetate (EA), dimethoxyethane (DME), acetone (AC) and acetonitrile (ACN). Samples were excited at 420 nm.
The legend denotes solvent name abbreviations. The plotted emission spectra of NA1 in acetonitrile and NA2 in acetone and acetonitrile are Gaussian fits

of experimental data, see Fig. S2 (ESIf) for original spectra.

Table 1 Steady-state absorption, fluorescence and time-resolved fluorescence data of compounds NA1 and NA2 in solvents of different polarizabilities
and polymer matrixes of different polarities, obtained by exciting samples at 420 nm

Solvent & A" Japs” nm g, nm Avfemt b % t/ns ¥ ns o ns
NA1 Cyclohexane (CyHex) 2.02 0.100 407 465 3255 73 3.45 470 12.96
Diethyl ether (DEE) 4.33 0.256 414 547 6083 39 6.25 15.99 10.26
Ethyl acetate (EA) 6.02 0.292 420 605 7397 6.5 2.96 45.24 317
Dimethoxyethane (DME) 7.2 0.309 423 616 7539 3.0 0.84 28.14 0.86
Acetone (AC) 20.7 0.374 423 651 8456 0.45 0.17 37.18 0.17
Acetonitrile (ACN) 37.5 0.393 424 490, 661 3430, 8601 0.1 [0.03/0.07)] 0.01/0.07’c 21.18/98.22 0.01/0.07
1% wt in polystyrene (PS) 245 — 428 519 4190 76 6 7.83 24.79
1% wt in PMMA [PMMA] 3‘41'_ — 428 544 5274 56 8 14.29 18.18
1% wt in PMMA, 20% wt of CA (PMMA/CA) 831" — 431 578 6170 41 9.5 23.17 16.1
NA2 Cyclohexane (CyHex) 2.02 0.100 452 475 1203 71 2.41 3.38 8.42
Diethyl ether (DEE) 4.33 0.256 443 572 5302 26 4.05 15.63 547
Ethyl acetate (EA) 6.02 0.292 445 631 6711 0.71 0.50 70.32 0.50
Dimethoxyethane (DME) 7.2 0.309 449 652 6958 0.27 0.25 92.94 0.25
Acetone (AC) 20.7 0.374 448 538, 662 3991, 7448 0.06 (0.02/0.04)1 <0.002/0.04’
Acetonitrile (ACN) 37.5 0.393 448 529, 667 3688, 7579 0.03 (0.02/0.01)’ <0.002/0.04l
1% wt in polystyrene (PS) 245 — 459 546 3578 68 5 6.94 14.75
1% wt in PMMA (PMMA) 341 — 452 578 4961 44 6 13.64 10.71
1% wt in PMMA, 20% wt of CA (PMMA/CA) 831" — 456 610 5818 33 5.5 16.67 8.21

. . . &
“ Solvent-dependent parameter according to Weller’s equation, Af =

2+1

-1 -1 . L . . X
ey Here, ¢ is a static dielectric constant and n is a refractive
1

index of the solvent. ” Wavelength of the lowest energy absorption maxima. ¢ Wavelength of the fluorescence spectra maxima. Excitation

wavelength was set to 420 nm. 4 Stokes shift. ¢ Fluorescence quantum yields.f Fluorescence lifetimes. ¢ 7,4 =

T T
or " tronrd = —or ! The

dielectric constant values were taken from ref. 37./ The fluorescence quantum yield values in parenthesis correspond to the blue and red side
fluorescence bands. * Two fluorescence lifetimes were recorded at maxima of dual fluorescence peaks (517 nm/663 nm).  The fluorescence decay
transients of NA2 in AC and ACN could be fitted bi-exponentially. Here only longer lifetime values are given as the fast components are below the

equipment’s temporal resolution.

broadening of absorption spectra are observed for both molecules.
The absorption spectral changes in the extended solvents list,
presented in Table S3 and Fig. S3 (ESIf), mainly suggest that
absorption solvatochromism of the pre-twisted NA1 is mostly
related to slightly different ground state geometries. In terms of
planar NA2, its dipole moments in ground state (as well as in the
excited Franck-Condon state) are roughly the same and thus, only a
minor absorption spectral red-shift of a few nanometres is
observed® (see a more detailed discussion in the ESIf).

The CT character of NI compounds ensures the significant
dependence of fluorescence properties on solvent polarizabil-
ity. In CyHex, both compounds already exhibit a large Stokes
shift of 3255 em™" (NA1) and 1203 cm™" (NA2), respectively,

This journal is © the Owner Societies 2022

pointing towards the fluorescence from CT states even in a non-
polar environment. The smaller Stokes shift and more pro-
nounced vibronic shape of fluorescence spectra of NA2 show
the planar excited state geometry in a non-polar solvent. In the
case of NA1, the fluorescence spectrum in CyHex also possesses
a vibronic shape. This may be related to the partial planariza-
tion of the molecule’s geometry after photoexcitation in a non-
polar environment. The planarization of NA1 is also supported
by the excited state optimization calculations, which show the
decrease of the dihedral angle between NI and DMA moieties to
ca. 30° (see Table S1, ESIY).

Even the small increase of the solvent’s dielectric constant
up to ¢ = 4.33 (diethyl ether, DEE) determines the pronounced
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Fig. 3 Weller's polarity plots of compounds NA1 (black dots) and NA2 (red
dots) (a). The black and red lines represent the best linear fits. Only red
bands of fluorescence spectra are included for NALin ACN and NA2 in AC
and ACN. Fluorescence quantum yields (@) versus fluorescence lifetimes
(r) for NA1 (black dots) and NA2 (red dots) (b). The dotted line represents a
slope equal to 1 in a log-log scale.

Stokes shift of 6083-5302 cm ™" which becomes as large as 8601~
7579 em™" in most polar tested environment with ¢ = 37.5
(acetonitrile, ACN) for NA1-NA2, respectively. The dynamics of
absorption and fluorescence spectra of NA1 and NA2 already
suggests the increase of molecules’ dipole moment upon
excitation.” The excited state dipole moments (¢) of compounds
were evaluated by a modified Lippert-Mataga approach, called
Weller's equation®® (see Fig. 3a and section Weller’s polarity plot in
the ESI), that accounts for fluorescence solvatochromic effects
only. The estimated g is 20 D for NA1 and 22.5 D for NA2. The
obtained excited state values are twice as high as the calculated
ground state dipole moments (see Table S2, ESIt) and indicate a
strong charge transfer character of compounds. Thus, not only
different geometries but also different y. are the molecular pre-
requisites for the excited state dynamics.

The pronounced fluorescence spectral shift is accompanied
by significant changes in fluorescence quantum yields (@)
and lifetimes (c) (Table 1). The high value of @ in CyHex of ca.
70% drops to 39% (NA1) and 26% (NA2) in DEE. At the same
time, the slight increase in solvents polarity prolongs fluores-
cence lifetimes by a factor of two: from 3.4 ns (CyHex) to 6.3 ns

Phys. Chem. Chem. Phys.
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(DEE) for NA1 and from 2.4 ns to 4.1 ns for NA2. A further
increase of solvent dielectric constant leads to a further @g
drop (down to 6.5% for NA1 and to 0.7% for NA2 in EA) and,
interestingly, a decrease of fluorescence lifetimes (t = 3 ns and
7 = 0.5 ns for NA1 and NA2 in EA). Thus, from a certain
dielectric constant of the solvent (¢ = 6.02), the opposite trend
of fluorescence lifetime behaviour is observed, where non-
radiative excitation decay starts to dominate. The most polar
environment (AC and ACN) determines almost forbidden (QY
< 1%) dual fluorescence with extremely short 7 values of tens
of picoseconds (t = 70 ps for NA1 and 7 = 40 ps for NA2, ACN).
One has to note that the dual fluorescence in AC and ACN is of
very low intensity, and thus, the impact of the emission from
two different states (e.g., determined by different geometries) as
well as the impact of the impurities may have been observed.

The fluorescence quantum yields versus fluorescence life-
times, shown in Fig. 3b, nicely illustrate the discussed trends. A
negative slope of ®g(7) is observed in CyHex, DEE, toluene
(TOL), and chloroform (Chlr), while for the rest of the tested
more polar solvents (¢ > 6) a positive slope close to 1 is
determined. These two distinct tendencies of @y, versus t as
well as a significant Stokes shift accompanied by the drop in
both fluorescence quantum yields as well as their lifetimes
cannot be explained by the excited charge transfer states itself.
We suggest that the observed photophysical properties of NI
compounds arise from the competition between pre-twisted or
planar CT states and TICT, that become dominant in solvents
with ¢ > 6. The fluorescence in most polar solvents, however,
can be observed due to the conformational disorder of twist
angles near 90° at room temperature. In order to distinguish
between solvation and twisting determined processes/proper-
ties in solvents, we further employed solid-state solvation
experiments in rigid polymer matrixes with different dielectric
constants, where molecular motions would be highly restricted.

Three different rigid systems were employed to obtain the
set of polymer samples of different dielectric constants that
were doped with NA1 and NA2 compounds: 1 wt% polystyrene
(PS) (¢ = 2.45), 1 wt% poly(methyl methacrylate) (PMMA)
(¢ = 3.41) and 1 wt% PMMA with 20 wt% of camphoric
anhydrite (PMMA/CA) (¢ = 8.31).”” The CA was selected as a
co-dopant for polymeric samples due to its small size and high
ground state dipole moment in order to realize the solid-state
solvation effect.””** Upon the increase of polymer matrix
polarity, the gradual red-shift of fluorescence spectra was
observed (Fig. S4, ESIt and Table 1). Contrary to the obtained
results in solutions, only a slight decrease of @y, (from 76% in
PS to 41% in PMMA/CA for NA1 and from 68% to 33% for NA2)
along with slightly prolonged fluorescence lifetimes (6 ns to
9.5 ns for NA1 and 5 ns to 6 ns for NA2) were observed in a rigid
environment. Thus, the obtained results in polymeric films
confirm that the efficient non-radiative decay channel is
enabled only in polar solvents and is mainly related to geometry
changes. One has to note that the decrease of fluorescence
lifetimes in solvents is not a TICT property itself but should be
considered as an outcome of an efficient non-radiative decay
channel that is enabled by the twisted geometry, whether
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through an efficient coupling with a dense manifold of polar
solvent vibrational states’®*" or, alternatively, through the
intersection of the excited singlet state potential surface with
triplet states.

So far, it is evident that the excited state relaxation dynamics
of studied naphthalimide compounds highly depends on the
solvent-fluorophore interaction as well as the viscosity of the
environment. The more efficient non-radiative excitation decay
channel of NA2 and a more pronounced decrease of fluores-
cence quantum yields upon an increase of solvents’ polarity
correlate well with a higher excited state dipole moment .
However, no influence of the pre-twisted geometry of NA1 was
observed. In order to get deeper insights into excited CT/TICT

Pre-twisted

() Pre-twisted
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state dynamics, we further employed transient absorption
spectroscopy experiments.

Transient absorption spectroscopy: the solvation dynamics and
TICT reaction rates

The obtained picosecond time scale transient absorption (TA)
maps and spectra in solvents of different polarity (CyHex, TOL,
EA and ACN) (Fig. 4) illustrate the competition between pre-
twisted/planar and twisted geometries upon excitation at the
CT absorption band, confirming the results obtained by steady-
state and time-resolved fluorescence spectroscopy.

The initially recorded spectra of NA1 (NA2) in CyHex are
already of charge transfer nature and comprise the excited state
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Fig. 4 Time-resolved transient absorption maps of NA1 (a) and NA2 (b) in cyclohexane (CyHex), toluene (TOL), ethyl acetate (EA) and acetonitrile (ACN),

and its corresponding spectra at a given time delay. Samples were excited at 420 nm.
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absorption (ESA) observed at 460 nm (500 nm), similar to 1,8-
naphthalimide S, state absorption spectra,’* also, at 620 nm
(650) and at 660 nm (710 nm). ESA of both compounds
significantly overlaps with signals of ground state bleaching
(GSB) at ca. 400 nm (450 nm) and signals of negative nature,
related to stimulated emission (SE) that appear at ca. 500 nm
(520 nm). No pronounced dynamic solvation was observed in a
non-polar environment, as expected. In slightly more polar
TOL, the dynamic solvation with a time constant of 2.6 ps**
takes place, which is nicely illustrated by the spectral shifts for
both compounds: signals of SE shift to the red side of spectra,
while ESA observed at around 600 nm undergoes the blue-shift.
The TA spectral shape observed in a non-polar environment is
attributed to partially twisted or planar CT states, as also
discussed in the previous section.

The most interesting, though, complex, excited state relaxa-
tion dynamics is observed in more polar EA. The initial TA
spectra are similar to those observed in less polar solvents.

View Article Online
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Clearly, spectral shifts occur in time and are characteristic of
dynamic solvation with an EA re-orientation time constant of
0.86 ps.** Besides, the new spectral component starts to form
even earlier than the dynamic solvation is completed and only
at the time delay of 16 ps for NA1 and 10 ps for NA2 it is
completely formed and has a lifetime similar to those observed
in time-resolved fluorescence measurements.

One could argue whether the observed changes in TA maps
in EA are attributed to geometry changes (planar vs. twisted,
where full charge separation takes place) or are mainly related
to solvation (i.e., the negative band shifts to the red and so the
positive band at 500 nm could be observed, which was not
possible due to spectral band overlap before solvation took
place). Thus, the TA experiments were repeated for samples in
PMMA and PMMA/CA. At different time delays of 1 ps and
100 ps, the slight spectral shifts are only observed (Fig. 5a
and c). The comparison of results in EA and PMMA/CA (Fig. 5b
and d) clearly demonstrates that transient absorption spectra of
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Fig. 5 Transient absorption spectra in 1 wt% PMMA (0 wt% CA) (dotted lines) and 1 wt% PMMA with 20 wt?% CA (20 wt% CA) (solid lines) at 1 ps (black) and
100 ps (red) time delays of NA1 (a) and NA2 (c). The transient absorption spectra in ethyl acetate (solution) at 1 ps (grey lines) and at 16 ps or 5 ps (blue

solid lines) in comparison with TA spectra in 1 wt% PMMA with 20 wt% CA

(solid) at 100 ps time delay (red solid line) of NA1 (b) and NA2 (d). The dashed

red and blue lines in (b) and (d) represent inverted normalized fluorescence spectra respective to solvents or films. Samples were excited at 420 nm.
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NA1 and NA2 in polar polymer resemble those obtained for a
solution at early time delay (1 ps) rather than the one after
dynamic solvation along with TICT reaction is completed.
Consequently, the “new” spectral shapes at 16 ps for NA1
and 10 ps for NA2 are attributed to the excited TICT states.
However, even if TICT should determine the complete charge
separation, the observed spectra in EA (and ACN) are not
formally bi-radical TA spectra as stimulated emission exists
and has the same lifetime as ESA components. As mentioned
previously, the emission from TICT states may be allowed due
to the disorder of naphthalimide-dimethylaniline twist angles
near 90°. The dynamic solvation in most polar ACN solvents
happens in 0.26 ps,*® thus, due to the temporal resolution of
the experiment, the initial shape of TA spectra for both NA1 and
NA2 is already an outcome of dynamic solvation and TICT
reaction (Fig. 4).

To evaluate the pathways that lead to the formation of
twisted charge transfer states, global analysis (GA) together
with a target analysis of transient absorption data was
employed.”"*> GA was performed for NA1 and NA2 in EA by
applying the sequential model including 3 (NA1) or 4 (NA2)
compartments (Fig. S5, ESI). The GA was applied up to 16 or
10 ps time delay in order to simplify the model and to account
only for the early time-scale excited state dynamics. The
obtained evolution associated spectra (EAS) highly resemble
the particular TA spectra obtained in other environments (non-
polar or polar solvents, or solid state). The EAS of the first
compartment are similar to non-solvated TA spectra obtained
in CyHex or TOL, while the EAS of 3rd (or 4th compartments in
case of NA2) are analogous to TA spectra in most polar ACN,
corresponding to the TICT state (Fig. 4). The intermediate
states of the 2nd compartment for both compounds remind
the solvated state as it was seen in polar polymer samples
(Fig. 5). However, in terms of EAS, they are clearly affected by an
additional process.

As it was already shown in a work of Park et al. that the TICT
state can be reached through several pathways for a classic
DMABN compound (e.g., from locally excited or from partially
twisted states),"® the applied sequential model was updated by
including a parallel process, which presumably could corre-
spond to a different channel for the TICT state to be formed.
Again, 3 or 4 compartments were included for a reasonable fit
for NA1 and NA2 molecules, respectively (Fig. 6 and Fig. S6,
ESIt). The obtained decay associated spectra were similar to
EAS, as recently discussed. Thus, we associate the included
compartments to the excited singlet charge transfer state in a
Frack-Condon region (Syc) of a ground state geometry, the
intermediate state that corresponds to the solvated CT state
(Scr) (i.e., the excited state that forms after the dynamic solva-
tion) and TICT states (Syicr). In the case of NA2, the 4t
compartment represents a possible formation of the second
oriented solvent shell around the elongated dipole in the NA2
TICT state. It is quite possible that the molecular structure of
NA2 may accept a few additional solvent molecules in the space
between D and A since the distance separating these is almost
2.4 A longer than in NA1. An evolution of the transient spectra
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Fig. 6 The simplified model employed to perform the Global Analysis for
the TA measurements of NA1 and NA2 in ethyl acetate (a). Model includes
the excited Franck-Condon state (Sec), the excited solvated charge
transfer state (Sct), the excited twisted intramolecular charge transfer state
(Stict) and the final TICT state for NA2 (Stict (sinay). The punctured arrows
are included for clarity to demonstrate the completion of the excited state
reactions, i.e., the relaxation of excited twisted molecules to the ground
state. The obtained reaction rates for NA1 and NA2 are given in (b). The
values of fluorescence lifetimes (z¢) were taken from time-resolved
fluorescence experiments.

of NA1 in EA contains an isosbestic point at 570 nm contrary to
NA2 where the isosbestic point disappears after 2 ps of spectral
evolution (Fig. 4). The global and target analysis shows that the
solvated excited state (Scr) is reached within 0.8-0.9 ps that
matches the EA re-orientation time constant. The TICT state
(Sticr) may be formed directly from the Franck-Condon region
with Tpers = 0.6 ps (or 0.3 ps for NA2) or from the solvated CT
state with e = 1.3 ps (1.1 ps), meaning that molecules have
two different pathways to reach perpendicular geometry, and
TICT, in fact, may occur earlier than dynamic solvation is
completed.

Thus, the TA results in non-polar CyHex and TOL represent
excitation relaxation in CT states of partially twisted or planar
geometries, while the results in middle polar EA show the
competition between CT and TICT, and finally, the TA spectra
in ACN correspond to the dominant TICT. These findings nicely
match the earlier discussed results obtained by steady-state and
time-resolved fluorescence experiments, suggesting the twist-
ing starts to occur in solvents of middle polarity. As is seen
from Fig. 4, the increased reaction rates of TICT in a more polar
environment cause more pronounced fluorescence quenching.
The dynamic solvation determines whether twisting occurs;
however, its reaction rate does not outcompete the reaction
rate of TICT. We see that conjugation length and, yet, the
higher polarity of molecules may cause the TICT reaction to
occur slightly faster. Again, no signs of the influence of pre-
twisted geometry are observed.
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Conclusions

To sum up, two naphthalimide-dimethylaniline A-n-D mole-
cules were thoroughly studied in terms of their photophysical
behaviours in solvents and polymer matrixes of different pola-
rities. Both molecules demonstrate a charge transfer character
whether in partially planar/planar or twisted excited state
geometries, which significantly depends on the parameters of
the environment. The molecules are pre-twisted or planar in
non-polar solvents and thus, high fluorescence quantum yields
of up to 70% were achieved. However, the increase of solvent
polarity determines the competition between CT and TICT
states. Once TICT state is dominant in solvents with ¢ > 6,
the efficient non-radiative decay channel is enabled which
determines up to three orders of magnitude drop in fluores-
cence quantum yields and the decreased fluorescence lifetimes.
In contrast, in the polymer matrix of similar polarity, the
fluorescence quantum yields remain comparatively high (ca.
30% - 40%) along with slightly increased fluorescence lifetimes
due to more stabilized CT states. The transient absorption
spectroscopy confirmed the results obtained by steady-state
and time-resolved fluorescence measurements and revealed
that different channels exist to reach TICT states: whether from
the CT states in the Franck-Condon region or from the solvated
CT states. In case TICT is formed directly from the FC region,
its reaction rate outcompetes the dynamic solvation. The pre-
twisted geometry of the compound has no influence in terms of
excited state reaction rates. On the other hand, the higher
excited state dipole moment determines the faster excited state
processes.
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A comprehensive photophysical study of a series of purines, doubly decorated at C2 and C6 positions
with identical fragments ranging from electron acceptor to donor groups of different strengths, is presented.
The asymmetry of substitutions creates a unique molecular D-A-D’ structure possessing two independent
electronic charge transfer (CT) systems attributed to each fragment and exhibiting dual-band fluorescence.
Moreover, the inherent property of coordination of metal ions by purines was enriched due to a presence of
nearby triazoles used as spacers for donor or acceptor fragments. New molecules present a bidentate
coordination mode, which makes the assembly of several ligands with one metal cation possible. This
property was exploited to create a new concept of a ratiometric chemical fluorescence sensor involving the
photoinduced electron transfer between branches of different ligands as a mechanism of fluorescence

Received 2nd August 2020,
Accepted 24th October 2020

DOI: 10.1039/d0cp04091f

Published on 13 November 2020. Downloaded on 11/17/2020 11:40:54 AM.

rsc.li/pccp modulation.

Introduction

Organic 7-conjugated systems with electron accepting cores
coupled with electron donating functional groups are generally
known as push-pull materials that have been of high interest
for years due to their charge transfer (CT) character, tuneable
optical properties and HOMO-LUMO gap, and non-linear opti-
cal response.’ The donor-acceptor-donor’ (D-A-D') type of
push-pull compounds stands out with their uniqueness as
two different electron donating parts are combined, allowing
both to maintain the symmetry of molecules or to realize
asymmetric structures. A wide variety of possible D-A-D’
chemical structures and configurations provides an opportu-
nity to tune energy levels and molecular geometries that further
assist in the development of organic solution based as well as
soft and semiconducting materials. The latter strategy has
already found its application in the development of organic
solar cells,”” as well as third generation organic light emitting
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diodes (OLEDs).*® Furthermore, the D-A-D’ structure based
intramolecular chemical sensors have been reported for multi-
modal detection of metal cations® or acids."’

The electron donating parts such as anisole and dimethyl-
aniline are considered to be general for push-pull systems' and
may be selected based on their strength. Purines, on the other
hand, are known to be ambipolar;'" however, using them as
electron accepting units may provide several advantages.

Purines as nitrogen heterocycles are starting materials
widely available in the natural product pool and are readily
accessible for chemical modifications that can alter their
photophysical properties dramatically. The electron donating
functional groups may be coupled at the C2, C6 or C8 positions
of the purine core. Some of the desired optical properties of the
purine push-pull derivatives have been achieved due to
the progress in synthetic methods and their integrity.'>'* For
instance, the azole-type substituents at the C2 and (or) at the
C6 position of the purine core enabled reaching fluorescence
quantum yields (QYs) of around 60%' (in the case of
7-deazapurines, similarly substituted compounds exhibit more
than 70% of QYs'*™'®) while by complementing typical donor
groups at C2 and C6 of the purine by a substituent at C8,
fluorescence quantum yields of near unity were easily
achieved." In addition to high fluorescence quantum yields,
more advantages of push-pull purine systems can be realized
and successfully applied. The purine derivatives have already
been demonstrated as emitters in OLEDs,"* as pH*' sensors
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or even as imaging tools for cell compartments® and their
environment.* Additionally, the purine derivatives are natural-
like molecules that can be more easily recognized by cells.™*

During the last decade a few examples of purines bearing
traditional complexing structures like crown ethers,* pincer
forming substituents® and salicyl-imine side chains®* have
been reported and applied as metal ion sensors. Alternatively,
derivatives containing an external C8-complexing arm which
works in tandem with the purine N7 have been developed.”**”
To the best of our knowledge, there are only a few recent
examples of the purine-based metal ion sensors that make
use of both Cé-substitent and the purine N7.257%°

Herein, we present the design, synthesis and photophysical
properties of four 2,6-bis-(1,2,3-triazol-1-yl)purine derivatives
(see Synthesis and product characterization in the ESIt).*!
Our design extends the use of the metal ion complexation
mode between a ligand attached to C6 and the N7 intrinsic
for the purine ring. Moreover, with the 2,6-bis-substituted
systems we demonstrate the utility of complex forming ligands
at the purine C2 position for the first time. The investigated
compounds bear an electron accepting methyl carboxylate (com-
pound 1) or an electron donating phenyl ring (2),*>** and
4-methoxyphenyl (3) or 4-N,N-dimethylaminopheny! (4) functional
groups at the C4 position of each triazole ring (Fig. 1).

The combination of two chemically identical electron donat-
ing branches at the purine C2 and C6 positions (compounds 2,
3 and 4), allowed the creation of unique donor-acceptor-donor’
(D-A-D’) systems with two distinct electron transitions from
each of the electron donating branches. The latter molecular
design results in dual fluorescence in polar aprotic solvents
that is altered by the strength of the electron donating proper-
ties of the substituents. The close proximity of D-A-D’ mole-
cules upon complexation with metal ions enables the
intermolecular interbranch photoinduced electron transfer
(PET) with subsequent complete quenching of a blue side band
of dual fluorescence. This allows demonstrating a new concept
of a ratiometric fluorescence sensor.

Results and discussion
Independent CT states of D-A-D’ purines

formed in aprotic solvents of different polarities (ethyl acetate (EA),
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Fig. 1 Chemical structure of bis-triazolyl-purine nucleoside derivatives
with electron accepting (1) and electron donating (2, 3, 4) substituents.
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dimethoxyethane (DME) and acetonitrile (ACN)) and summar-
ized in Table 1 and Fig. S13, S14 in the ESL{ The representative
absorption and fluorescence spectra in ACN are given in
Fig. 2a and b.

The absorption spectra in ACN of all studied derivatives have
two intense UV-blue bands, which in the case of 1 have their
maxima at around 250 nm and 300 nm, typical of other purine
analogues, substituted at C2 and C6 or at C8 positions.****
Once the conjugation is expanded by the addition of electron
donating functional groups, the lowest absorption band gradu-
ally red shifts (from 298 nm (1) to 364 nm (4)).

As revealed by TD-DFT modelling (ESI, Theoretical calcula-
tions, Tables S2-S5), the lowest energy transitions (for com-
pounds 2, 3 and 4) are of the charge transfer (CT) nature related
to both electron donating substituents and bis-triazolyl-purine
as an electron acceptor. The schematic view of HOMO-1,
HOMO, LUMO, LUMO+1 energies for each compound are given
in the Fig. 2a inset (ESI,i Table S6). The analysis of molecular
orbitals shows that HOMO—1 and HOMO correspond to sub-
stituents coupled at the purine C2 and C6 positions, respec-
tively, and are energetically separated by ca. 130 meV. Intense
higher-energy absorption bands (for compounds 2, 3 and 4
peaking from 244 nm to 290 nm) consist of several transitions,
including strong locally excited (LE) states in each of electron
donating branches, the purine core itself and higher energy CT
transitions.

More pronounced changes are observed in the fluorescence
spectra (Fig. 2b). Compound 1 has the blue LE fluorescence
peaking at 358 nm, which, as expected, does not depend on the
polarity of the surrounding media (ESI,} Fig. S14a). However, in
accordance with the CT nature of the lowest absorption states
of 2, 3 and 4, the emission spectra in ACN are broadened and
strongly bathochromically shifted (from 358 nm (1) to 653 nm (4)),

Table1 Steady-state spectroscopic data for compounds 1-4 obtained in
ethyl acetate (EA), dimethoxyethane (DME) and acetonitrile (ACN)

Compound ~ Solvent A", nm  e?, M'em™  Jg,nm  QY?
1 EA 297 357 0.10
DME 298 357 0.07
ACN 251, 298 26103,15766 358 0.18
2 EA 306 386 0.01
DME 306 408 0.02
ACN 244,306  47681,22568 435 0.03
3 EA 323 441 0.18

DME 256,323
ACN 257, 321

386, 443°  0.20
43396,14819 393, 490° 0.17
EA 288, 363
DME 289,363
ACN 290, 364

436, 585°  0.05
452, 603°  0.02

31929, 6264 513, 653°  0.001

“ Absorption maxima. * Molar extinction coefficients at wavelengths of
absorption maxima. ¢ Fluorescence maxima, obtained by excitation of
compounds 1 and 2 at 300 nm, 3 at 320 nm and 4 at 360 nm.
@ Quantum yields were determined by the comparative method relative
to 9,10-diphenyl anthracene in cyclohexane. ¢ Dual fluorescence peak
wavelengths were obtained by fitting emission spectra with the Gaus-
sian peak function (ESI, Fig. S15).
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Fig. 2 (a) Absorption spectra normalized to maxima of red side absorp-
tion bands of compounds 1 to 4 in ACN. The inset is a representative
scheme of HOMO, HOMO-1, LUMO and LUMO+1 energies, obtained
using the BMK functional at the 6-31g(d,p) basis set level in a vacuum. (b)
Normalized fluorescence spectra of 1 to 4 in ACN (10~° M). The repre-
sented fluorescence spectrum of 4 is a two Gaussian peak function fit of
the experimental spectrum (ESI¥, Fig. S15).

along with positive solvatochromism in other solvents (ESL,}
Fig. S14b-d) also observed in similarly modified 2,4-bis(triazolyl)
pyrrolo[2,3-d]pyrimidines.'* The most impressive emission fea-
ture is present in compounds 3 and 4, as the incorporation of
strong electron donors results in dual fluorescence. In the case of
3, two CT emission bands are observed in DME and ACN, while
for 4, dual CT emission was recorded in all of the three tested
solvents along with more explicit spectral separation between
fluorescence bands. It is evident that the dual character of
fluorescence is enhanced with increased electron donating ability
of substituents as well as increased polarity (dielectric constant) of
solvents.

Time-resolved fluorescence experiments in ACN show that
both emitting states have their characteristic fluorescence
decay transients and should be fitted separately (see Fig. 3 for
3 and 4 and the ESLj Table S1 for lifetime values of all
compounds). For instance, the blue side emission of com-
pound 3 has a lifetime of 2.41 ns, while the red side - 4.4 ns.
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Fig. 3 Time-resolved fluorescence maps of compounds 3 (a) and 4 (b) in
ACN (107> M).

More unusual behaviour is observed for compound 4 as the
emission lifetime at the blue side of spectra (6 ns) is longer
than the red one (2.71 ns). The latter behaviour (of compound 4
fluorescence decay) suggests that both CT states might be
independent of each other.

Many examples of organic molecules exhibiting dual fluores-
cence can be found in the literature. Most commonly, for
donor-acceptor systems two fluorescence bands are attributed
to emission from the LE states, which occurs in the (near)
Franck-Condon region, while the low-energy emission is
mostly referred to the CT state, accompanied by excited-state
structural relaxation and charge re-distribution.* The CT states
can also be classified into several other states like the twisted
internal charge transfer (TICT)**° and planar internal charge
transfer (PICT)*® states that depend on the molecular configu-
ration. However, to all in common, CT states are usually
inaccessible by direct excitation, and thus can only be formed
from the LE state and therefore exhibit fluorescence at longer
wavelengths with longer fluorescence lifetimes.*® Usually,
fluorescence from the LE state does not depend on solvent
polarity, while, on the contrary, because of molecule being
more polar in the CT state, strongly red-shifted or broaden
CT emission spectra are often observed.” In the present case,
both the emitting states of 3 and 4 are solvent dependent, with
the red side emitting species being more polar. Additionally,
“pure” LE-like spectra of compound 1 are in the deep blue
region, peaking at 357-358 nm. As the observed blue side
fluorescence for 3 and 4 is already shifted to longer wavelengths
by at least 30 nm, the origin of the dual emission of studied
compounds is from two CT states.

Several unusual cases of the dual emission from two CT
states have already been shown; however, each case is specific.
For example, for the D-A-D’ systems (which can be successfully
applied for the third generation organic light emitting diodes)
two CT states of one molecule have been attributed to both
intramolecular CT and intermolecular CT, caused by exciplex
emission,’ or to different conformers of the D-A-D’ system.”
Additionally, it was shown that two transitions are possible
from D and D' fragments.*’ Furthermore, it was discovered that
two independent CT emitting states can exist in one molecular
system and can be attributed to D-A and A-D’ moieties and are
controlled by conformations and stabilized by the polarity of
the surroundings.®
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Fig. 4 Excitation spectra of 3 (a) and 4 (b) recorded in ACN (10~° M) at
different wavelengths — 400 nm and 477 nm for 3; 400 nm and 600 nm for 4.

To further prove the independent origin of the observed CT
emission bands in the current work, excitation spectra were
recorded for 3 and 4 (Fig. 4). States responsible for the blue and
red side emissions have different excitation spectra. The red
emission is related to the lowest absorption CT states
(>325 nm (3), >360 nm (4)), while the blue emission corre-
sponds to higher excited states (ca. 310 nm (3) and ca. 330 nm
(4)). Thus the origin of the dual CT emission may be assigned to
an interplay of charge transfer between one of the electron
donating branches and bis-triazolyl-purine as an acceptor in
separate molecules, which is a unique feature of asymmetric
D-A-D' systems.”®

According to electron density distribution in HOMO —
LUMO and HOMO—-1 — LUMO (Fig. 5a and the ESL Table S4
for compound 3, Tables S3 and S5 for 2 and 4), we attribute the
blue emission to transition within the C2 branch (for further
simplification, we name it a “blue” branch), while the red side
band of emission is caused by charge transfer in the C6 branch
(a “red” branch). See Fig. 5b for the representative fluorescence
spectra for both transitions.

Fluorescence ratiometric chemical sensor

In the current work, the uncommon molecular feature of the
dual independent emission of the D-A-D' asymmetric com-
pound was exploited for the creation of a ratiometric chemical
sensor, since the change of the intensity ratio between two
fluorescence peaks in the presence of analytes is an operating
principle of a self-calibrating sensor.*'~** Here we combine the
selective bonding and the dual nature of the fluorescence to
create a fluorescence sensor based on a purine D-A-D’ system.
We further selected compound 3 as the best candidate for
cation sensor due to its highest fluorescence QYs (around 20%)
along with a sufficient spectral separation between fluores-
cence bands in ACN.

Steady-state absorption and fluorescence titration experi-
ments were performed using alkali (Na" and K), alkaline earth
(Ca*") and transition (Fe*’, Cu', Zn**) metal ions (ESL Fig. S16).
The steady-state absorption spectra upon titration with cations
remained almost unchanged. However, the main changes upon
complexation with metal ions are observed in the fluorescence
spectra, where the blue side emission is completely quenched
(Fig. 6a and the ESL Fig. S16). The dependence of the
fluorescence intensity at 400 nm on the equivalents of Zn>*
and Ca*" upon titration is shown in Fig. 6a inset (see the ESL}
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Fig. 5 (a) Spatial distribution of HOMO - LUMO and HOMO-1 - LUMO
molecular orbitals of compound 3, obtained using a BMK functional with a
6-31g(d,p) basis set in a vacuum. (b) The contribution of emission caused
by distinct charge transfer to the fluorescence spectra of 3 in ACN. The
dashed line represents the experimental spectrum. The filled blue and red
emission spectra were obtained by spectral deconvolution, performed
with the two Gaussian peak function.

Fig. $17 for other salts), which implies another appealing fact
that complexation at room temperature occurs between one
metal ion and three to five purine molecules. The interaction of
3 with metal ions leads to only negligible changes of the “red”
branch emission at 500 nm, most probably due to the specific
site of coordination of each metal ions. It is worth noting that 3
was not sensitive to alkali metal ions (Na" and K).

The NMR titration experiments of compound 3, performed
using Ca(ClO,),-4H,0 and Zn(ClO,),-6H,0 in CD;CN at 50 °C
(ESL,T Fig. S22-S25), prove the complexation with the equivalence
point reached at the purine : M** ratio of 3: 1. Interestingly, changes
of the chemical shift (Ad) during titration with Ca>* and Zn®* salts
showed different patterns. With calcium perchlorate the largest Ao
values were observed for H-C5' of both triazoles, whereas with zinc
perchlorate the purine H-C8 and one of the triazoles H-C5’ under-
went the largest shift. This indicates that Ca** is coordinated
between both triazoles, while Zn** complexes between the triazole
at C6 and N7 of the purine (Fig. 6b and c). The coordination and its
pattern with Zn>* ions was additionally proved by the NMR titration
experiments with a model compound, bearing a sole triazole
substituent at C6 (compound 6, see Synthesis and product char-
acterization in the ESIf). The latter molecule revealed an identical
complexation pattern (chemical shift change) as compound 3 (ESL,}
Fig. 526 and $27). In fact, compounds 2 and 4 also form the same
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Fig. 6 (a) The fluorescence titration experiment of compound 3 (10> M)
upon addition of Zn?* metal ions from 0 to 0.5 equivalents in ACN; inset —
the dependence of the fluorescence intensity at 400 nm on the equiva-
lents of Ca®* and Zn?* metal ions. (b) The suggested complexation mode
of compound 3 to Ca®* and Zn?* salts based on NMR titration results,
where Ar = 4-methoxyphenyl; R = 3'5'-di-O-acetyl-2'-deoxy-p-p-
ribofuranosyl, and (c) the illustration of the purine — Zn®* (3: 1) octahedral
complex. (d) The sensing mechanism of PET upon complexation with
metal ions and excitation of the “blue” branch. The scheme represents PET
occurring between two distinct molecules

complexes with metal ions, confirming the generality of using
bis-triazolyl purines as chemosensors (ESI,{ Fig. S28-531).

So far, it is evident that the complexation of 3 with metal ions
causes an assembly (“aggregation”) of several ligand molecules,
along with complete quenching of the “blue” branch emission. In
addition, metal ions do not induce changes of fluorescence life-
times upon complexation (ESL Table S1). Therefore, three sen-
sing mechanisms, related to intermolecular distances, should be
considered - Forster resonance energy transfer (FRET), Dexter
exchange energy transfer (EET) and PET. These processes should
happen on a sub-picosecond time scale, similar to that reported
for covalently bounded compounds.** Even if the essentials for
FRET and EET are realized in our system (a close proximity
between energy donor and acceptor and spectral overlap between
acceptor absorption and donor emission***®), these mechanisms
were ruled out as no increase of the red fluorescence band intensity
together with no changes of emission lifetimes were observed.

Thus, we suggest that upon interaction with cations, mole-
cules pack closely with each other and in the case of the “blue”
branch being excited, the intermolecular interbranch PET takes
place. Importantly, estimated energies of HOMO and HOMO—1
are favorable for the latter process. This is an exceptional
property of the D-A-D* based system, determined by chemically
identical, though assymetrically linked donor moeities. Fig. 6d
summarizes the following suggested mechanism: the electron
is transferred from the HOMO level of the unexcited molecule
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(“red” branch) to the HOMO—-1 of the excited one (“‘blue”
branch), thus the blue side emission is quenched.

To get a deeper insight into the mechanism of PET, we
employed the transient absorption spectroscopy experiments.
Two representative metal ions of Ca** and Zn** (0.5 equivalents
of each) and compound 3 diluted in ACN were used in experi-
ments, performed by excitation at 320 nm (both branches were
excited) and 350 nm (only the “red” branch was excited). The
results are presented in Fig. 7 and the ESI,{ Fig. S18 and S19.

To all samples in common, there are two main regions of the
excited state absorption (ESA) that will be further referred to as
region I (with spectral components named as a at 395 nm, b at
425 and c at 465 nm) and region II (ca. 600 nm). Starting from a
few tens of picoseconds, the transient absorption spectra are
the same for all samples and are similar to cation-radical
absorption of anisole, peaking at 430 nm,*” while the red side
ESA at around 590 nm is analogous to the purine anion-radical
absorption spectra.*®

Once the samples are excited (at 320 nm or at 350 nm), the
initial spectral feature at 465 nm (band c¢) evolves with an
excitation pulse and may be attributed to the excited ligand
of 3 or to the excited complexes of 3 with Ca** or Zn*" in the
ground state geometry. The relaxation of component ¢ (ESL}
Fig. S20a) in a few hundred femtoseconds corresponds to the
structural relaxation of the excited samples together with the
rearrangement of surrounding solvent molecules. The transient
absorption experiments on the compound 3 embedded in the
PMMA matrix (frozen ground state geometry) show no spectral
shifts of the band ¢ even up to 10 ps delay (ESL Fig. S21).

If the samples are excited at 320 nm (both “blue” and “red”
branches), two distinct peaks at ca. 395 nm (band a) and
ca. 425 nm (band b) and the region II grow with the same time

g
5
g
$

Time delay, shifted 0.14 ps

600 700 800 500 600 700 800
c 4 Wavelength, nm d . Wavelength, nm

1,=12ps Banda, Band b,
/ excited at 320 nm excited at 350 nm|
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0 10 20 3 40 5
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Fig. 7 Transient absorption maps of compound 3 with 0.5 equivalent of
Zn* cations in ACN, obtained by excitation of the sample at (a) 320 nm
and (b) 350 nm. The respective excited state absorption transients, fitted at
(c) 395 nm and (d) at 425 nm. A slight overlap with band ¢ is observed in
kinetics (d), which produces a short and weak component at the beginning
of decay.
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constant of a few hundred femtoseconds corresponding to
the lifetime of the band c. In the case of excitation at 350 nm
(only the “red” branch), the band a is not present (Fig. 7b and
the ESI,T Fig. $19).

During the relaxation of the band ¢, the formation of the
radical pair with intermolecular electron transfer from the
“red” chromophore ground state to the excited “blue” chro-
mophore ground state occurs. The observed 12 ps decay of ESA,
located at ca. 395 nm (band a) and 630-650 nm (region II),
corresponds to the radical recombination time constant
(Fig. 7a, c and the ESI,} Fig. S20b). It is worth noting that no
signal increase with the time constant of 12 ps was observed in
the entire experimental spectral range, indicating that neither
FRET nor EET occurs in the present system.

Thus, the easily accessible modification of the purine ring
allowed creation of a unique molecular structure with two
chemically identical, though, asymmetrical electron donating
branches linked through a triazole, which assists in the coor-
dination with metal ions. This allowed us to realize the favor-
able conditions for the efficient PET - the energy difference
between HOMO and HOMO-1 of each branche is small
enough; in addition, the coordination with cations ensures
the close proximity between those ‘“non-communicating”
branches. The further modification of triazoles as spacers
and coordinating elements opens endless opportunities to
selectively sense the desired analytes. On the other hand, the
alteration of the electron donating moieties would provide
possibilities for boosting sensitivity and combining the appro-
priate optical properties. The study in alcohols and water
revealed a somewhat different behaviour of ligand 3 upon
complexation; the upcoming article will be devoted to compre-
hensive investigations of photophysics and sensing mechanism
of compounds 1-4 in protic environments.

Conclusions

In conclusion, we demonstrate the possibility of constructing a
ratiometric fluorescence cation sensor based on the asymme-
trically functionalized purine with electron donating groups.
The observed dual-band fluorescence is produced by two non-
communicating electronic transitions within the same ligand.
PET occurs between D and D’ fragments of neighbouring
ligands assembled upon complexation with metal ions and is
responsible for the quenching of the blue fluorescence band.
We believe that the reported strategy can be general for a wealth
of D-A-D’' compounds across a wide spectral window and
specific selectivity for chemical species, which can be further
altered by the modification of spacers used for the coordination
or electron donating substituents.
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Efficient TADF relies on effective reverse intersystem crossing (rISC) from triplet to singlet manifold, and
therefore the transition rate associated with this process must outcompete non-radiative decay rate of
the triplets. Herein the issue of non-radiative triplet quenching in benzophenone-derived compounds
frequently employed as blue TADF emitters in OLEDs is addressed and an effective way to suppress this
quenching is proposed. TADF emitters designed for this study were based on phenone-derived
electron-accepting units linked with multiple carbazolyl donors to deliver similar and large rISC rates
(kysc ~ 4 x 10° s7Y), yet significantly different non-radiative triplet quenching rates (k7). We found that
substitution of a loose phenyl moiety by a methoxy group in benzophenone suppresses K by one order
of magnitude (from 3 x 10° s™* down to 0.3 x 10° s7%), while leaving rISC rate kysc almost unaffected. A
10 times enlarged ratio Kysc/kly in 5tCzMeB as compared to that in 5tCzBP emitter suffices to retrieve the vast
majority of triplet population via the rISC resulting in PL quantum yields of 0.99 and 0.58 in doped DPEPO and
neat films, respectively. Sky-blue TADF OLEDs with doped and non-doped emissive layers based on 5tCzMeB
demonstrated impressive maximum external quantum efficiency (EQE) values of 24.6% and 13.4%, respectively,
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1. Introduction

Organic light-emitting diodes (OLEDs) represent one of the
most attractive technologies for large-area ultrathin displays
and lighting applications as they offer high luminous efficacy
and contrast ratio in addition to mechanical flexibility, low
weight, and cost- and power-efficiency."* Over the last decade
thermally activated delayed fluorescence (TADF) has become a
widely researched phenomenon that is exploited for fabrication
of high-efficiency OLEDs.** Recent breakthroughs in TADF
studies allowed harvesting of up to 100% triplet excitons
through a reverse intersystem crossing (rISC) process in organic
materials without employing precious metals, thus rivaling the
efficiencies of state-of-the-art phosphorescent OLEDs.>” Since
then a variety of new TADF compounds were synthesized
demonstrating an upper limit of external quantum efficiency
(EQE = 20-30%) in OLEDs without using light extracting
structures or horizontal dipole orientation.*®*°

TADF compounds are typically designed by utilizing twisted
electron-donating and accepting groups to ensure the spatially
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whereas at 100 cd m™? the devices exhibited 16.5% and 7.7% EQESs, respectively.

decoupled highest occupied and lowest unoccupied molecular
orbitals, HOMO and LUMO, respectively, which subsequently
results in a small singlet-triplet energy gap AEg;.'” The small
AEgy is crucial for achieving efficient thermally-assisted rISC
from triplet to singlet manifold."" Usually, materials with large
1ISC rate (kgsc), typically above 10° s, are searched for when
aiming for efficient TADF and overall photoluminescence
quantum yield (¢p,)."">'* However, Noda et al. demonstrated
that these features can be also achieved in low rISC compounds
with kusc ~ 10° s7" if the competing relaxation pathway, i.e.
triplet non-radiative decay from T; to the ground state S, is
suppressed.'* Thus, essentially, irrespective of the kysc value
the ratio kysc/kh, must be large to retrieve the majority of the
triplets via rISC and sustain efficient TADF.

When designing TADF compounds for the current study we
focused our attention on carbazole-based donors and phenone-
derived acceptors, ie. the units capable of delivering efficient
1ISC if linked properly. Apart from the great stability, ease of
functionalization, excellent hole transport etc.," carbazoles
coupled with acceptors such as benzonitrile or phthalonitrile
showed increased excited state delocalization resulting in enhanced
Ksc."® Moreover, kusc could be further improved by decorating
carbazolyls with either phenyl or methyl groups at the 3rd and 6th
positions," whereas incorporating bulky #-butyl groups at these
positions additionally benefited with a noticeable boost in the

This journal is © The Royal Society of Chemistry 2019
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device lifetime."”” We chose benzophenone as an acceptor not only
because it is a popular building block of blue TADF emitters,'* "
but mainly because it was shown to be responsible for the non-
radiative decay of long-lived excited states in TADF emitters.'*"**
This quality is most relevant to benzophenones with a loose phenyl
moiety in the emitter structure. Importantly, the non-radiative decay
facilitated by intramolecular rotationsfvibrations™ could not be
completely suppressed even in the solid state preventing TADF
emitters with high k;sc (>10° s™*) and small AEg; (<100 meV)
to attain unity PL quantum yields."*** Resolving the issue of the
non-radiative triplet quenching is thereby anticipated to improve
TADF performance and consequently EQE of benzophenone-
derived OLEDs.

To this end, two TADF emitters consisting of five electron-
donating carbazolyl groups and benzophenone (5tCzBP) or methyl
benzoate (5tCzMeB) electron-accepting units were investigated.
The main emphasis was put on elucidating and suppressing TADF
performance-hampering non-radiative decay of the triplet states
imposed by the benzophenone acceptor. Carbazolyl moieties were
intentionally substituted with tert-butyl groups at C-3 and C-6
positions to reduce concentration quenching, and enhance
morphological stability and solubility of the compounds.” These
engineered features enabled to assess and compare performance
of both TADF emitters in doped and non-doped OLEDs fabricated
by vacuum evaporation. Additionally, the compounds were tested
in non-doped devices made by a solution process. The studies
revealed that the replacement of the loose phenyl moiety in the
benzophenone acceptor by a methoxy group suffices to reduce the
non-radiative decay of the triplets to a level where kp, is well below
ksc in the solid films, and to fabricate sky-blue TADF OLEDs with
doped and non-doped emissive layers demonstrating outstanding
EQE values of 24.6% and 13.4%, respectively.

2. Experimental
2.1. Materials

All materials were purchased from commercial suppliers and
used as received unless otherwise stated. 5tCzBP, 5tCzMeB and
bis[2-(diphenylphosphino)phenyl] ether oxide (DPEPO) were
additionally purified by using a temperature-gradient vacuum
sublimation system DSU-20 (CreaPhys). 3,6-Di-tert-butyl-9H-
carbazole was synthesized as described earlier.”®

Synthesis of methyl 2,3,4,5,6-penta(3,6-di-tert-butyl-9H-carbazol-
9-yl)benzoate (5tCzMeB). A mixture of methyl pentafluorobenzoate
(0.5 g, 2.21 mmol) and 3,6-di-tert-butyl-9H-carbazole (3.36 g,
12.04 mmol) together with K,CO; (4.58 g, 16.5 mmol) in 7 mL of
dimethyl sulfoxide was stirred at 140 °C for 24 h under N,
atmosphere. After cooling to room temperature, the mixture was
poured into water, filtered, and purified by column chromatography
over silica gel (eluent - ethylacetate/n-hexane, vol. ratio 1:2) to
obtain a yellow solid (1.38 g, yield: 61%). "H NMR (400 MHz,
CDCl;, 8, ppm): 7.66 (d, ] = 1.9 Hz, 5H), 7.25 (d, ] = 1.9 Hz, 5H),
7.07-6.98 (m, 11H), 6.92 (d, ] = 8.6 Hz, 4H), 6.63 (dd, J; = 8.6 Hz,
J» = 1.9 Hz, 5H), 2.54 (s, 3H), 1.35 (s, 90H). °C NMR (75 MHz,
CDCly, 0, ppm): 142.6, 142.5, 142.3, 138.5, 137.4, 137.3, 136.6,

This journal is © The Royal Society of Chemistry 2019
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135.7, 124.0, 123.8, 122.6, 122.0, 121.8, 115.4, 114.2, 110.2,
110.1, 109.7, 52.1, 34.2, 31.73. MS (APCI, 20 V), m/z: 1524
(M + H]). Elemental analysis caled (%) for CyosH;23N50,: C,
85.16; H, 8.14; N, 4.60; 0, 2.10; found: C, 85.20; H, 8.16; N, 4.64.

Synthesis of 2,3,4,5,6-penta(3,6-di-tert-butyl-9H-carbazol-9-
yl)benzophenone (5tCzBP). A procedure similar to that used for
5tCzMeB was followed with 2,3,4,5,6-pentafluorobenzophenone
(0.5 g, 2.91 mmol). The residue was purified by column chromato-
graphy (eluent - ethylacetate/n-hexane, vol. ratio 1:1) to obtain
5tCzBP as a yellow solid. Yield: 1.95 g, 68%. "H NMR (400 MHz,
CDCly, &, ppm): 7.93 (d, ] = 1.8 Hz, 5H), 7.59 (d, ] = 1.8 Hz, 5H), 6.97-
6.94 (m, 16H), 6.86 (d, J = 8.3 Hz, 4H), 6.68 (dd, J; = 8.3 Hz, J, =
1.8 Hz, 5H), 1.38 (s, 90H). "*C NMR (75 MHz, CDCls, , ppm): 143.7,
143.5, 142.5, 142.2, 137.4, 137.1, 136.3, 128.4, 128.3, 127.7, 126.6,
1242, 123.8, 123.6, 122.9, 121.7, 116.2, 116.1, 115.4, 110.5, 110.2,
109.6, 34.5, 31.7. MS (APC', 20 V), m/z: 1570 (M + H]'). Elemental
analysis caled (%) for Cy33H;55N:0: C, 86.49; H, 8.03; N, 4.46; O,
1.02; found: G, 86.51; H, 8.08; N, 4.44.

2.2. Sample preparation and spectroscopic characterization

For studying photophysical properties in dilute solutions, the
investigated TADF compounds were dissolved in toluene
(107° mol L™") and then degassed by using the freeze-pump-thaw
method. Poly(methyl methacrylate) PMMA films doped by 1 wt% of
the compounds were prepared by spin-coating chloroform solutions
(20 mg mL™") of the PMMA and compound mixtures on quartz
plates at 2000 rpm. Neat and doped (20 wt% in DPEPO host) films
were deposited by thermal evaporation in vacuum (base pressure of
<107° Torr) at ~1.0 A s™* evaporation rate on quartz substrates to
achieve a layer thickness of about 50 nm. Absorption spectra were
measured by utilizing a UV-Vis-NIR spectrophotometer Lambda 950
(PerkinElmer). Steady state PL spectra were recorded on a back-
thinned CCD spectrometer PMA-11 (Hamamatsu) by exciting sam-
ples with a xenon lamp coupled to a monochromator. Doped
DPEPO films were excited at the absorption maximum of DPEPO
(at 300 nm), whereas 350 nm excitation wavelength was used for the
rest of the solutions and films. @p;, values of thin films in oxygen-
free ambient conditions were determined by first performing
measurements in air using an integrating sphere (Sphere Optics),
and then estimating the increase of PL signal upon placing the
samples in a vacuum chamber. A vacuum cryostat equipped with a
turbo-molecular pump and capable of achieving 10~ Torr pressure
served as a vacuum chamber for PL measurements of the studied
films. Time-resolved PL spectra were recorded on a time-gated
iCCD camera New iStar DH340T (Andor) by exciting the samples
with a tunable-wavelength optical amplifier (Ekspla) pumped by
a nanosecond Nd**:YAG laser (pulse duration 5 ns, repetition
rate 10 Hz). Excitation power dependencies of the neat films
were measured in vacuum by using a continuous-wave laser
diode (375 nm, PicoQuant) as an excitation source.

2.3. OLED fabrication and characterization

OLEDs were fabricated onto pre-patterned ITO glass substrates
(Kintec company), which were cleaned by sonicating consecutively
in detergent (Hellmanex II), distilled water, acetone and isopropyl
alcohol, and treated with O, plasma afterwards. Vacuum-processed

J. Mater. Chem. C, 2019, 7, 11522-11531 | 11523
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devices were fabricated in a vacuum chamber (base pressure of
<107° Torr) by depositing multiple organic layers at a rate of
0.7-1.2 A s™*. The doped emissive layer was obtained by
co-evaporating materials from two different sources with different
evaporation rates.

Solution-processed devices were prepared as follows: poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS, Al
4083) was ultrasonicated and filtered through a hydrophilic filter
(pore size 0.22 pm), and then spin-coated on top of glass/ITO
substrates at 5000 rpm and annealed at 200 °C for 10 minutes.
Samples were then moved into a nitrogen glove-box, where
poly(9-vinylcarbazole) (PVK) was spin-coated at 2000 rpm from
a chlorobenzene solution (7 mg mL™") and thermally annealed at
160 °C for 15 min. Subsequently an emissive layer was spin-coated
at 2000 rpm from cyclohexane solutions (1.5 mg mL™") and
annealed at 70 °C for 15 min. The samples from the glove-box were
then transferred to an integrated high-vacuum chamber, where a
layer of DPEPO followed by that of 2,2,2"-(1,3,5-benzinetriyl)-
tris(1-phenyl-1-H-benzimidazole) (TPBi) were evaporated.

Finally, for both vacuum- and solution-processed devices,
samples were transferred from the organic to metal deposition
chamber without breaking the vacuum for successive deposition
of LiF and Al layers at a rate of 0.2 and 1.5 A s, respectively.
The active area of the devices tested was 1 x 1 mm?, as defined
by the shadow mask for cathode deposition. Before exposing to
air, devices were transported from vacuum into nitrogen ambient
and encapsulated using UV-curable epoxy KATIOBOND LP655
(DELO). A calibrated LED characterization system (ORB Optronix)
comprising an integrating sphere, a spectroradiometer GS-1290
(RadOMA) and a source meter 2601A (Keithley) was employed to
evaluate current-voltage-luminance characteristics as well as
external quantum efficiency of fabricated OLEDs.

3. Results and discussion
3.1. Synthesis and theoretical calculations

Both TADF compounds 5tCzMeB and 5tCzBP were prepared by a
one-step synthesis as shown in Scheme 1. Methyl 2,3,4,5,6-penta-
(3,6-di-tert-butyl-9H-carbazol-9-yl)benzoate and 2,3,4,5,6-penta(3,6-
di-tert-butyl-9H-carbazol-9-yljbenzophenone were synthesized via
nucleophilic cross-coupling reactions between 9H-carbazole and
methyl pentafluorobenzoate or 2,3,4,5,6-pentafluorobenzophenone,
respectively. Finally, the chemical structures of 5tCzMeB and 5tCzBP
were characterized and verified by "H NMR and **C NMR spectro-
scopies, mass spectrometry and elemental analysis. The detailed
information about the synthetic procedures and identification of
molecular structures are provided in the Experimental section.
First, the potential of compounds 5tCzMeB and 5tCzBP as
TADF emitters was evaluated by optimizing their molecular
structures in vacuum by using density functional theory (DFT)
with the B3LYP functional at 6-31G(d) basis set level embedded in
the Gaussian 09W software.”” It was determined that dihedral
angles between the carbazole groups and central phenyl fragment
varied from 63° to 73° for 5tCzMeB and from 64° to 76° for
5tCzBP due to the strong steric crowding. Optimized ground state

11524 | J. Mater. Chem. C, 2019, 7, 11522-11531
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5tCzMeB 5tCzBP
Scheme 1 Synthetic routes of 5tCzMeB and 5tCzBP.

5tCzMeB 5tCzBP

Fig.1 HOMO (a) and LUMO (b) of 5tCzMeB and 5tCzBP calculated by
TD-DFT with B3LYP/6-31G(d).

geometries were used to calculate absorption energies from S, to
S, and T, states as well as distributions of the HOMO and LUMO
by the time-dependent DFT method (see Fig. 1). Calculated data
are summarized in Table S1, ESL+ Strong spatial separation of
the HOMO and LUMO ensured small AEg; for 5tCzMeB (0.25 eV)
and 5tCzBP (0.05 eV), whereas the remaining small overlap
between the molecular orbitals ensured moderate oscillator
strengths (f) for the S, — S; transition allowing to expect
decent k, values.

3.2. Photophysical properties

To gain insight into photophysical properties of the synthesized
compounds, steady-state UV-Vis absorption and photolumines-
cence (PL) measurements were carried out (Fig. 2). While both
compounds in dilute toluene solutions showed intense absorption
at 340 nm, mostly assigned to local transitions, the main differences

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Absorption and fluorescence spectra of 5tCzMeB (a) and 5tCzBP
(b) in toluene solution (10~° mol L™) as well as their fluorescence spectra
in neat and DPEPO films at 20 wt% doping.

were observed at longer wavelengths where the weak and broad
absorption tail was mainly governed by intramolecular charge
transfer (ICT) between donor and acceptor groups. 5tCzBP demon-
strated a red-shifted absorption spectrum shoulder as compared to
5tCzMeB associated with higher delocalization of the LUMO over
the benzophenone moiety. These results were found to be consis-
tent with PL. measurements of toluene solutions, where bathochro-
mically shifted fluorescence of 5tCzBP (peaked at 524 nm) in respect
to that of 5tCzMeB (peaked at 498 nm) was obtained. Structureless
PL spectra of both compounds clearly signified ICT transitions. The
slightly broader PL band of 5tCzBP could be attributed to the greater
variety of excited state conformations due to the labile benzo-
phenone moiety.”** To determine AEgy values, investigated
compounds were dispersed in an inert PMMA host at low
concentration (1 wt%), which allowed to neglect intermolecular
interactions, meanwhile simulating the rigid environment of a
device. Since S; and T; were identified as charge transfer (CT)
states for both compounds, corresponding zero-zero transition
energies (E,-o) were deduced from the onset of broad fluores-
cence and phosphorescence spectra (see Fig. S1, ESIf and
Table 1).*° Relatively small AEg; values of 0.08 €V and 0.10 eV
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were revealed for 5tCzMeB and 5tCzBP, respectively, indicating
their potential for efficient TADF.

PL quantum yield (®p;) measurements of toluene solutions
in an oxygen-free environment resulted in moderate @, (0.43)
for 5tCzMeB and significantly lower ®p;, (0.084) for 5tCzBP,
respectively. Due to the high T; energies of the investigated
compounds (2.88 eV - 5tCzMeB, 2.76 eV - 5tCzBP), DPEPO
(Ty = 3.0 eV) was chosen as an active host material. To confirm
energetic compatibility between the host and investigated
compounds, HOMO and LUMO energies of the compounds
were determined. HOMO levels were found by performing
ionization potential measurements of the compound thin films
(see Fig. S2, ESIt), meanwhile LUMO were deduced from the
relationship LUMO = HOMO + E,, where the energy gap (Eg) was
determined from the onset of absorption spectra. Finally, we
verified that compounds 5tCzMeB (HOMO/LUMO = —5.9/-3.0 eV)
and 5tCzBP (HOMO/LUMO = —5.9/—3.1 eV) are compatible with the
DPEPO host (HOMO/LUMO = —6.1/~2.0 €V).*' To ensure efficient
energy transfer from the host to guest molecules, while avoiding
PL quenching, 20 wt% doping concentration of the synthesized
emitters was selected. As compared to toluene solutions,
5tCzMeB and 5tCzBP demonstrated slightly blue-shifted fluores-
cence spectra in the DPEPO host (see Fig. 2) with peak wavelengths
at 483 nm and 514 nm, respectively, due to reduced solvatochromic
effect. When introduced into DPEPO host 5tCzMeB expressed a
2-fold increase in emission efficiency (®p;, = 0.99), while 5tCzBP
enjoyed a 5-fold boost in @py, (Ppy, = 0.53) as compared to those of
toluene solutions. The enhancement was previously reported for
similar compounds bearing labile carbonyl groups and associated
with suppression of intramolecular motion-induced non-radiative
decay in rigid media.'***** Unlike in 5tCzMeB, half of the excitation
in 5tCzBP decayed non-radiatively confirming the previously
reported finding,"*** i.e. the inability to entirely restrict intra-
molecular torsions provoked by the benzophenone moiety in
the solid state. PL spectra of the compounds’ neat films
resembled those of doped DPEPO films. ®py, values of the neat
films were reduced only slightly, i.e. down to 0.58 (for 5tCzMeB)
and 0.28 (for 5tCzBP) as compared to the values of doped
DPEPO films. @p, values of the neat film as well as solution
of 5tCzBP were found to be similar to the analogous benzo-
phenone derivative without ¢-butyl groups.?? The obtained weak
concentration quenching of the compounds combined with
their amorphous nature and excellent morphological stability

Table 1 Photophysical properties of the investigated TADF compounds in toluene, DPEPO host (at 20 wt% doping) and neat films

Toluene/DPEPO/neat film Toluene” PMMA®

e ke Tpr Kusc kisq kEr S T AEgy

Compound  PLyny (nm) ~ Ppy DpplPer (ns) (10°57) () Dusc (10°57) e (10°sT) (10°57Y) (V) (eV) (V)

5tCzMeB 498/483/488  0.43/0.99/0.58  0.38/0.05, 4.9 102 1.80 0.93 4.44 0.95 1.94 0.33 2.96 2.88 0.08
0.94/0.05,
0.55/0.03

5tCzBP 524/514/525 0.084/0.53/0.28 0.043/0.041, 12.2 3.3 0.29 0.53 3.81 0.96 0.79 3.32 2.86 2.76 0.10
0.48/0.05,
0.25/0.03

“ Determined in degassed toluene solutions (10~ mol L™). ? Estimated from the onset of fluorescence and phosphorescence spectra in dilute

(1 wt%) PMMA films.
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(glass transition temperatures >190 °C, and thermal degradation
temperatures >400 °C see Fig. $3 and S4, ESIt) rendered them
promising for application in non-doped OLEDs.

To reveal the distinct features in excited state dynamics of
the investigated compounds, time-resolved PL spectroscopy in
toluene solutions, doped DPEPO and neat films was performed.
The corresponding transients of spectrally integrated PL inten-
sity are shown in Fig. 3. The photophysical parameters extracted
from these measurements are provided in Table 1.

Measurements in degassed toluene solutions revealed double-
exponential decay profiles with slow and fast components. The
latter was assigned to prompt fluorescence (PF) with the lifetime
(tpp) of 4.9 ns and 12.2 ns for 5tCzMeB and 5tCzBP, respectively.
pp were then used to determine radiative rates of the singlet state
(k. = Ppyltpy) yielding a larger rate (1.02 x 107 s™*) for compound
5tCzMeB and a 3-fold smaller one (3.3 x 10° s™") for 5tCzBP. $pp
was obtained by integrating the PF part of the PL decay curves
while assuming that the total integral of PL transients corre-
sponds to ®p;. Since the slower component of PL transients was
significantly reduced upon exposure of the samples to air, it was
naturally associated with oxygen-sensitive triplet species. Taking
into account that no phosphorescence was observed at room
temperature (only at low temperatures) and the PL spectra of the
slow and prompt components were alike (an example for 5tCzMeB
is provided in Fig. 3c) the slow component could only be attributed
either to triplet-triplet annihilation (TTA) or TADF. TTA was ruled
out by measuring the PL intensity dependencies on the excitation
power density, which clearly indicated intensity slope of ~1 for
both compounds (Fig. S5, ESI}). Hence, the slower component of
PL transients was assigned to TADF arising from the S, state
populated through the rISC process. High kysc is generally consid-
ered to be a key parameter for achieving efficient TADF.'*'**
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kasc was determined by employing delayed fluorescence lifetimes

(tpr), prompt and delayed fluorescence quantum efficiencies, @pp
and @y, respectively, and rISC efficiency (ysc)-"°

Pusc ((PH—' + 4’[)1—')
kasc = —=( ———~ 1
i~ Dpr 2
4
Base = — @)

b Pisc

Tpr Was evaluated from the slower component of PL transients, while
Ppr and Py were obtained from the corresponding integrals in the
PL decay curves. Since ®pp and tpp were found to be similar in
solution and rigid environment for both compounds (see Fig. 3),
non-radiative deactivation of the singlets to the ground state was
neglected, and thus, the main non-radiative losses were associated
with a decay of long-ived triplet states characterized by k. This
implies that non-radiative decay of the S, state is governed solely by
ISC to triplet states, thereby allowing us to express the quantum
efficiency of the ISC process (Pysc) as

D5 =1 — Ppp (3)

Even though similar ks values 4.44 x 10° s™' and 3.81 x

10° s~ were obtained in accordance with eqn (1) for 5tCzMeB
and 5tCzBP, respectively, @,;5c was estimated to be significantly
higher for 5tCzMeB (Py5c = 0.93) than that for 5tCzBP (®ysc =
0.53). This result revealed that the triplets are quenched much
more efficiently in 5tCzBP. Indeed, the calculated non-radiative
triplet quenching rate from eqn (4)

kEr = kusc/Pusc — kusc (4)

was one order magnitude larger in 5tCzBP (ky, =3.32 x 10°s™ %)
as compared to that in 5tCzMeB (k5 = 0.33 x 10° s™").

10" E (c) 5tCzMeB

%\ 10° T o MM Vil
el WW‘H* 12 r:s “‘
s | I
z‘ 1 I
£ i
7 Wi

107

[/
™ M

Wavelength (nm)

Fig. 3 Spectrally integrated PL transients of 5tCzMeB (a) and 5tCzBP (b) in degassed toluene solutions, 20 wt% DPEPO and neat films. Lines indicate
double-exponential decay fits of PL transients in solutions. (c) Time-resolved PL spectra of 5tCzMeB in degassed toluene solution. Delay time indicated.
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For a deeper insight into the causes of larger k; in 5tCzBP
we evaluated IR vibrational spectra of both compounds using
the Hartree-Fock approach with the 3-21G basis set in the
ground state geometry (see Fig. S6, ESIT). The comparison of
both spectra revealed differences in low-frequency vibrational modes
in otherwise identical spectra (Fig. S6a, ESIt). The differences
(indicated by arrows) primarily originated from torsional/rotational
displacement associated with the loose phenyl moiety of compound
5tCzBP. These distinct low-frequency modes below 200 cm ™ likely
facilitated non-radiative relaxation and thus larger KL, in 5tCzZBP.

The provided energy diagrams in Fig. 4 nicely visualize
energy transfer routes along with their rates pertinent to the
studied TADF emitters.

Evidently, the fulfillment of the conditions kisc > k: and
Kusc = ki ensured that spin cycling is repeated multiple times.
The deduced rates infer that for both compounds over 95% of
the generated singlets are converted into triplets via ISC,
whereas the reverse process rISC is nearly as efficient (~93%)
for 5tCzMeB and only half as efficient (~53%) in the case of
5tCzBP. The latter is caused by similar ks and kf; in 5tCzBP
forcing roughly half of the triplet population to decay non-
radiatively. The corresponding DF contribution in 5tCzBP is
thereby relatively small ®py = Ppp = 0.04 (see Table 1). Conversely,
significantly suppressed non-radiative triplet quenching in
5tCzMeB achieved upon substituting the loose phenyl moiety in
the benzophenone by a methoxy group enabled to enlarge the
ratio kyso/kn; and retrieve the majority of the triplets. This resulted
in considerably prolonged tpr and enhanced thermally-assisted
DF contribution ®pr = 8 X Ppp = 0.38 in solution. Taking into
account near unity @py, (0.99) obtained for 5tCzMeB in the rigid
DPEPO host, this substitution signified complete suppression of
Kz, in the solid state, and hence 100% efficient r1SC. In fact, such
efficient rISC and large &, (~10” s~") obtained for 5tCzMeB is a
perfect combination for a TADF material as well as TADF-OLED.*
Other effective strategies for disabling ki, in benzophenone-
derived compounds rely on (i) the anchoring of both phenyl rings
of benzophenone to donor fragments,* or (ii) replacing the loose

QU
—

Kosc = 4.4x10° 51 (b) Kysc = 3.8x10° 51

S, emm— —\‘Tl I —\Tl
:m kisc = 1.9x108 51 :m :w Kise = 7.9%107 s :m
< f| 5tCzMeB <o . 5tCzBP o
¢ LE S lz

|

So e ————
| G/ o= 0.04/0.04
a

t
¢PF ¢'DF

Fig. 4 Energy diagrams representing viable energy transfer routes along
with their rates for compounds 5tCzMeB (a) and 5tCzBP (b) in solutions.
Schematic representations of PF and DF contributions in PL transients for
each compound are shown below.
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phenyl ring by pyridine.>*** In both cases the modifications result
in enhanced molecular rigidity; however they also redshift the PL
spectrum as compared to the analogous unsubstituted benzophe-
none derivative thereby not permitting to preserve blue TADF
emission.***®

It is noteworthy that tpp and @pp in the doped DPEPO or
neat films of both TADF compounds increased considerably, in
particular for 5tCzBP films, as compared to that in solution (see
Fig. 3). The increase can be justified by suppression of intra-
molecular motions (as discussed above) and also by enhanced
conformational disorder in the rigid media causing the multi-
exponential decay profile of DF transients.””*® Although the
multi-exponential nature of the decay precluded the determination
of Tpr and kysc values, the enlarged DF integral (and nearly identical
PF contribution) in the rigid films of compounds 5tCzMeB and
5tCzBP as compared to their solutions implied higher or at least
similar k¢ values.

3.3.  OLED performance

Electroluminescence (EL) properties of the TADF compounds
5tCzMeB and 5tCzBP were assessed by employing them in
doped or neat (non-doped) emitting layers of OLEDs. While
the doped TADF-OLEDs were fabricated by utilizing vacuum
evaporation, the non-doped devices were made by using both
the vacuum deposition and solution processing techniques. In
terms of device performance, the doped OLEDs with TADF
emitters serving as dopants are known to perform somewhat
better as compared to the non-doped devices.****** Despite this,
non-doped OLEDs seem to be more attractive in respect of easier
device fabrication and better reliability.** They also completely
eliminate phase separation problems. Still, the main challenges
for producing efficient non-doped emitting layers are mainly
related to concentration quenching and exciton annihilation
effects governed by strong intermolecular interactions.””

Vacuum-deposited doped devices were fabricated by employing
20 wt% doping concentration of 5tCzMeB (Device 1) and 5tCzBP
(Device 1a) emitters in a DPEPO host. The following configuration,
similar to that reported for high-triplet-energy TADF emitters, was
adopted to fabricate these devices: ITO/NPB (30 nm)TCTA
(20 nm)/CzSi (10 nm)/emitter (20 wt%):DPEPO (20 nm)/DPEPO
(10 nm)/TPBi (30 nm)/LiF (1 nm)/Al (100 nm).® Here, ITO and Al
acted as the anode and cathode, respectively. Layers of N,N'-
di(1-naphthyl)-N,N'-diphenyl-(1,1'-biphenyl)-4,4’-diamine (NPB)
and 4,4’ 4"-tris(carbazol-9+yl)triphenylamine (TCTA) were used for
hole injection and transport, whereas LiF and TPBi were employed
for electron injection and transport, respectively. 10 nm-thick layers
of 9-(4-tert-butylphenyl)-3,6-bis(triphenylsilyl)-9H-carbazole (CzSi,
E(Ty) = 3.02 eV, HOMO/LUMO = —6.0/~2.5) and DPEPO were
utilized for exciton confinement and charge carrier blocking.
A schematic representation of layer thicknesses and energy level
diagrams are provided in Fig. 5a. The main characteristics of the
investigated devices are summarized in Table 2.

Device 1 based on 5tCzMeB doped into the DPEPO host at
20 wt% demonstrated relatively low turn-on voltage (4.0 V) with
electroluminescence maximum at 481 nm (see Fig. 5b) corres-
ponding to sky-blue emission with Commission Internationale
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Fig. 5 () Structure and energy level diagrams of the fabricated devices. Devices 1, 2, 1a and 2a were vacuum-deposited using doped (20 wt%, DPEPO) or neat
emitting layer based on 5tCzMeB or 5tCzBP; devices 3 and 3a were fabricated by solution processing using 5tCzMeB or 5tCzBP as neat emitting layer. (b) EL
spectra of the investigated devices. (c) EQE vs. luminance curves. (d) Current density and luminance as a function of applied voltage of investigated OLEDs.

de L’Eclairage (CIE) coordinates of (0.19, 0.32). Due to the high
Py, (0.99) and efficient TADF, Device 1 exhibited extraordinarily
high maximum EQE values reaching 24.6% at low current
density and allowing to demonstrate rather high luminous
efficacy (46.7 Im W), whereas maximum EQE for the green-

11528 | J. Mater. Chem. C, 2019, 7, 11522-11531

emitting (Amax = 497 nm) doped OLED based on 5tCzBP was
only 12.5%, which is in good agreement with @p;, measurements
(Ppy, = 0.53) if light outcoupling efficiency of 20-30% is taken
into account. We note that possibly even lower turn-on voltages
as well as improved efficiencies particularly at higher current
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Table 2 Main characteristics of the investigated TADF-OLEDs based on 5tCzMeB and 5tCzBP emitters

Maximum values

Values at 100 cd m >

EQE CE ¢ LE® Voltage EQE CE LE® Jmax
Device Emitter ~ Form* o’ (V) (%) (cdA™) (dm?) (mw?) (V) (%) (cdA™) (ImW) CE(xy) (nm)
1 5tCzMeB  Doped (vac.) 4.0 24.6  59.4 378 46.7 5.6 16.5 33 18.2 0.19,0.32 481
2 Neat (vac.) 4.8 134 35 380 27.5 7.0 7.7 3.6 1.6 0.20,0.36 488
3 Neat (sol.) 4.8 5.5 125 847 6.5 6.2 55 125 6.4 0.21,0.39 494
1a 5tCzBP Doped (vac.) 4.1 12.5 349 568 27.3 6.2 7.5 18.0 9.5 0.23,0.41 497
2a Neat (vac.) 3.8 10.3  19.0 2544 14.9 5.2 6.0 17.0 10.3 0.26, 0.47 508
3a Neat (sol) 4.7 18 55 1884 2.4 6.4 14 45 2.2 028,052 516

“ Devices were fabricated by vacuum (vac.) or solution processing (sol.) using emitting layers based on neat or doped (20 wt% in DPEPO) films of

the investigated compounds. ” Turn-on voltage estimated at 1 cd m™2

densities of our devices could be achieved by doping injection or
transport layers.****

Encouraged by the relatively weak concentration quenching
(see Table 1) and good ambipolar charge carrier transport
properties (1 ~ 107°~10"" em® V™' s ") determined in the neat
films of the synthesized compounds (see Fig. S7, ESIf), non-
doped OLEDs based on 5tCzMeB (Device 2) and 5tCzBP (Device
2a) were prepared. The non-doped devices employed a similar
configuration as that used for doped devices: ITO/NPB (30 nm)/
TCTA (20 nm)/CzSi (10 nm)/emitter (20 nm)/DPEPO (10 nm)/
TPBi (30 nm)/LiF (1 nm)/Al (100 nm). Device 2 based on 5tCzMeB
neat film exhibited a maximum EQE of 13.4%, maximum luminous
efficacy of 27.5 Im W™ and slightly red-shifted EL peak (at 488 nm)
as compared to the doped device 1. Meanwhile device 2a based on
5tCzBP neat film demonstrated a maximum EQE of 10.3%, and
luminous efficacy of 14.9 Im W' with green EL peaking at 508 nm
(CIE coordinates (0.23, 0.41)). The obtained results confirmed the
superiority of 5tCzMeB over 5tCzBP to be employed as an efficient
emitter not only in the doped but also in non-doped OLEDs.
Moreover, the results were found to be consistent with the
photophysical measurements (see Pp;, of the neat films in
Table 1) implying that the main efficiency losses in non-doped
devices occur due to the concentration quenching of PL in the
neat films.

Since the compounds 5tCzMeB and 5tCzBP expressed excellent
solubility in organic solvents due to the bulky #-butyl groups, they
were also tested in solution-processed OLEDs. Wet processing is
advantageous over the commonly utilized vacuum deposition
technique because of the scalable manufacturing, simplified and
low-cost fabrication as well as the possibility to produce large-area
devices.”® Devices based on the neat 5tCzMeB (Device 3) and
5tCzBP (Device 3a) emitting layers were prepared by using the
following device structure ITO/PEDOT:PSS (60 nm)/PVK (20 nm)/
emitter (20 nm)/DPEPO (10 nm)/TPBi (30 nm)/LiF (1 nm)/Al
(100 nm). Here PEDOT:PSS was used for the hole injection,
whereas PVK was utilized for hole transport and electron blocking.
The PVK layer is one of the most popular alternatives for hole
transport and electron blocking in highly efficient solution-
processed OLEDs.***” Emitting layers on top of PVK were spin-
coated by using a relatively poor solvent - cyclohexane, which
prevented the dissolution of bottom PVK films and allowed
fabrication of OLEDs consisting of up to 3 solution-processed
layers. Unfortunately, as compared to the vacuum-deposited

This journal is © The Royal Society of Chemistry 2019

¢ Current efficiency. ¢ Luminance. ¢ Luminous efficacy.

devices, solution-processed OLEDs demonstrated significantly
reduced maximum EQE values, corresponding to 5.5% for
Device 3 and 1.8% for Device 3a, respectively. Such an efficiency
decrease can be attributed to the lack of triplet exciton con-
finement, since PVK has a T; energy (~2.5 eV) significantly
lower than that of 5tCzMeB (E(T,) = 2.88 eV) or 5tCzBP (E(T,) =
2.76 eV).*® Efficient exciton confinement is extremely important
in non-doped OLEDs due to the greater exciton diffusion and
possible exciton quenching by carrier injection or transport
materials. Hence, the development of new easy solution-
processable hole transporting materials with high T, so as to
suit blue-emitting OLEDs is highly important.*’

I-Vand L-V curves in semi-log scale highlighting the leakage
current data of the devices are shown in Fig. S8, ESL{ Notably
higher leakage currents were obtained for solution-processed
devices (<0.1 mA em ™ for 5tCzMeB and <0.3 mA cm > for
5tCzBP), whereas significantly lower ones were obtained for
vacuum-deposited OLEDs (<0.001 mA cm™? for 5tCzMeB and
<0.002 mA em ™ for 5tCzBP). The observed leakage currents
are rather typical of vacuum-evaporated OLEDs,””*" yet in the
case of solution-processed OLEDs they are somewhat higher as
for the typical devices.”>*®

Evidently, much lower current densities at the same driving
voltages obtained for the doped devices 1 and 1a as compared
to non-doped 2, 3, and 2a, 3a, can be attributed to the poor
charge transporting ability of the DPEPO host. Electron and
hole mobilities of DPEPO were found to be several orders of
magnitude lower than those of the neat 5tCzMeB and 5tCzBP
films.> Despite the lower currents, the doped OLEDs 1 and 1a
experienced somewhat earlier (or at least similar) roll-off,
which, to some extent, is caused by the accelerated device
degradation with increasing current density. This can be
explained by taking into account the fact that intrinsic emitter
degradation is dominated by the exciton density> and that this
density estimated per one emitting molecule in 20 wt%-doped
emitting layers is larger as compared to that for the neat layers
at the same current density. In fact, the roll-offs of non-doped
devices 2, 3, and 2a, 3a, were also found to be fast. In comparison,
devices based on TADF emitters with similarly fast TADF
(tpr < 10 ps) usually express significantly weaker efficiency
roll-off enabling to attain luminances above 1000 cd m™ with-
out strongly reducing the maximum EQE.**° Unfortunately, we
found that the fast roll-offs of non-doped devices were also
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affected by permanent device degradation. The accelerated
degradation most likely resulted from the long injection current
pulses (2 s) used by the measurement setup (ORB Optronix)
employed for evaluation of current-voltage-luminance char-
acteristics. The pulses were the shortest available in the setup
software and could not be further reduced. Nevertheless, at a
lower luminance <200 cd m™2 ie in the degradation-free
region, doped and non-doped OLEDs based on 5tCzMeB and
prepared by vacuum evaporation delivered excellent perfor-
mance in terms of EQE, thus confirming effective suppression
of non-radiative triplet quenching and ensuring efficient TADF.

4, Conclusions

In this work the issue of accelerated non-radiative triplet decay
in benzophenone-derived TADF compounds frequently employed
in blue OLEDs has been tackled. The enhanced triplet deactivation
Ty — S, explicitly related to the loose phenyl moiety and intra-
molecular motions associated with it in the benzophenone
acceptor was found to compete with the rISC process, thereby
decreasing TADF efficiency even in compounds with high kysc
(>10° s7"). To address this problem and reduce the triplet
quenching equivalent by rate to r1SC (kh; & kysc) in compound 1
5tCzBP possessing benzophenone, the loose phenyl moiety in
the acceptor was replaced by a methoxy group so as to result in 1
methyl benzoate (compound 5tCzMeB). The modification enabled
to suppress the non-radiative triplet quenching by one order of 1
magnitude thereby enhancing the Fasc/ky ratio, yet maintaining an
unchanged kysc. This benefited in complete harvesting of the 1
triplets via the rISC resulting in almost unity @p;, in the doped 1
DPEPO films and ®p;, = 0.58 in the neat films, which in the latter
case was limited only by concentration quenching. The fabricated 1
sky-blue TADF OLEDs based on 5tCzMeB delivered outstanding
maximal EQE values of 24.6% and 13.4% in the doped and non- 1
doped devices, respectively, whereas at 100 cd m™ the devices
exhibited 16.5% and 7.7% EQEs, respectively. Hence, from the
perspective of material design, the methyl benzoate acceptor seems 1
to be much more appealing than the popular benzophenone as it
can boost the TADF performance of a device while preserving its 1
blue emission wavelength.
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Narrow-band deep-blue (emission peak < 460 nm) TADF emitters are in demand for commercial OLED
display applications, yet the development of efficient emitters with low efficiency roll-off is very
challenging. To address this issue, herein, we studied carbazole-naphthyridine (donor-acceptor)-based
blue-emitting TADF compounds, which were designed by using both the H-bonding and sterically
controlled charge-transfer (CT) interactions between D and A units. Methyl substitution employed at the
first position of t-butyl-carbazole donors was found to affect CT strength and consequently the TADF
properties of the studied compounds, enabling a significant reduction of delayed fluorescence lifetime
(down to 31 ps) and enhancement of reverse intersystem crossing rate (up to 10° s7%. The
naphthyridines were demonstrated to hold great potential as deep-blue TADF emitters suitable for both
vacuum- and solution-processed TADF OLEDs. The optimized devices with 7 wt% naphthyridine emitter
in a weakly polar mCP host delivered external quantum efficiencies (EQEs) of up to ~17.6% and ~13.5%
for vacuum- and solution-processed OLEDs, respectively. Unsubstituted naphthyridine exhibited
deep-blue (s < 460 nm) and narrow-band (FWHM = 66 nm) electroluminescence, whereas the
more twisted methyl-substituted compound expressed broader band (FWHM > 80 nm) sky-blue
(Zmax ~ 480 nm) emission. The demonstrated emitters are among the best-performing conventional
D-A-type blue/deep-blue TADF emitters in terms of EQE and efficiency roll-off properties of their devices.
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1. Introduction

The basic design principles of high performance thermally
activated delayed fluorescence (TADF) compounds routinely rely
on the combination of spatially twisted donor (D) and acceptor
(A) moieties." This enables large separation of the highest
occupied (HOMO) and lowest unoccupied (LUMO) molecular
orbitals subsequently resulting in a small energy gap between
the lowest excited singlet (S,) and triplet (T) states. The twisted
D-A compounds express charge-transfer (CT) character and are
highly attractive for organic light emitting diode (OLED) appli-
cations due to the potentially fast and efficient reverse inter-
system crossing (rISC).” It allows the utilization of both singlet
and triplet excitons formed in the emitting layer of a device after

“Institute of Photonics and Nanotechnology, Vilnius University, Saulétekio av. 3,
LT-10257 Vilnius, Lithuania. E-mail: karolis.kazlauskas@ff-vu.lt
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Geosciences, Naugarduko 24, Vilnius LT-03225, Lithuania

+ Electronic supplementary information (ESI) available. CCDC 1991494 and
1992697. For ESI and crystallographic data in CIF or other electronic format

see DOI: 10.1039/d0tc01637¢

8560 | J Mater. Chem. C, 2020, 8, 8560-8566

electron and hole injection.® Although TADF-based OLEDs are
frequently reported to reach 100% internal quantum efficiency,*
their application in commercial displays is limited by their
broadened (FWHM ~ 90 nm) and red-shifted fluorescence
(FL) spectra due to the strong intramolecular CT and conforma-
tional disorder caused by variation in the twisting angle between D
and A moieties.” Therefore, the development of efficient narrow-
band (FWHM < 60 nm) TADF emitters is considered to be a
challenging task, especially for the blue/deep-blue OLEDs.*”

The reported approaches to achieve narrow blue TADF rely
on rigid sterically hindered® or donor-interlocked molecular
structures,” HOMO-LUMO separation by the multiple resonance
effect' and weak CT compounds.'" An additional involvement of
H-bonding interactions between nitrogen heteroatoms in A and
neighbouring C-H bonds in D units was also found to facilitate
delivering narrow blue TADF emission.'” It seems that the
combination of both H-bonding and CT interactions in a
controlled manner could be an attractive strategy to achieve
high-performance blue OLEDs, and more importantly, to gain
understanding of the TADF mechanism of D-A systems containing
nitrogen heteroatoms in their building blocks.

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Chemical structures of the synthesized 1,8-naphthyridine (ND)
derivatives and precursors 1-3.

Recently, a nitrogen heteroatom-containing naphthyridine
acceptor was successfully utilized in the construction of TADF
emitters."*™*® The combination of naphthyridine with a variety
of donors, e.g. those based on acridane, carbazole, phenoxazine
and phenothiazine regularly employed for designing efficient
TADF compounds, produced yellow/green/blue emitters with
peak wavelength (Z,,) above 460 nm. Meanwhile, implementing
them in efficient OLEDs produced surprisingly low external
quantum efficiency (EQE) roll-offs."'® Note, however, that for
commercial applications like OLED displays, narrow-band deep-
blue emitters with /. < 460 nm are required.’” To reveal
the potential of naphthyridine acceptors for the formation of
deep-blue TADF emitters, we have designed a couple of 1,8-
naphthyridine (ND)-based compounds with tert-butyl-carbazole
(tCz) serving as the donor (Fig. 1). Although one of the compounds,
tCz-ND, was recently reported,'® its most intriguing photophysical
properties and its possibilities to be employed in deep-blue OLEDs
remained overlooked. Herein, ¢Cz-ND was also used for compara-
tive analysis with the second compound MetCz-ND containing
additional methyl (Me) moieties at the first position of the ¢Cz
donors. Me substitution was employed to alter steric hindrance
and, consequently, twisting of the D and A units. The modification
permitted assessing the impact of intramolecular D-A inter-
action and CT strength on TADF properties of the studied
compounds and on their performance in both solution- and
vacuum-processed OLEDs.

2. Experimental section
2.1. Sample preparation and instrumentation

Absorption spectra of dilute toluene solutions (107> M) of the
investigated naphthyridine derivatives were recorded using a
Lambda 950 UV-vis-NIR spectrophotometer (PerkinElmer).
1,3-Bis(N-carbazolyl)benzene (mCP) films doped with 7 wt%
contents of the compounds were prepared by spin-coating
chloroform solutions (20 mg mL™") of mCP and compound
mixtures on quartz substrates at 2000 rpm and annealing at
50 °C for 20 minutes to remove residual solvent. Steady state PL
spectra were recorded using a PMA-12 back-thinned CCD
spectrometer (Hamamatsu) by exciting samples with a xenon lamp
coupled to a monochromator. Toluene solutions were degassed by
the freeze-pump-thaw method. Fluorescence quantum yield (®gy)

This journal is © The Royal Society of Chemistry 2020
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was estimated in oxygen-free media by using the integrating
sphere (Sphere Optics) and comparative methods for solutions,
where quinine sulfate in 0.1 M H,S0, served as the reference.'®
All samples were excited at 340 nm. FL transients were measured
using an NT 242 nanosecond YAG:Nd®" laser equipped with an
optical parametric oscillator (Ekspla, excitation wavelength 340 nm,
pulse duration 5 ns, and repetition rate 1 kHz) and an iStar DH340T
time-gated intensified CCD camera (Andor) mounted on an SR-303i
spectrograph (Shamrock). Measurements at low temperatures were
performed in a 204N closed-cycle helium cryostat (Cryo Industries).
Ionization potential (I,) of the wet-casted films was estimated by
photoelectron emission spectromety in air.’* The films for the
measurements were prepared by dissolving materials in THF and by
casting the solutions on polyester film coated with an Al conductive
layer and ~0.5 pm-thick methylmethacrylate and methacrylic acid
copolymer adhesive layers. Prior to experiments, the investigated
compounds were purified using a DSU-20 vacuum sublimation
system (CreaPhys).

2.2. OLED fabrication and characterization

OLEDs were fabricated on pre-patterned ITO/glass substrates
(purchased from Kintec company). ITO layer thickness was
100 nm with a sheet resistance of 15-20 Q O~ Prior to device
fabrication, the substrates were cleaned by ultrasonication in a
detergent (Hellmanex II) at 50 °C for 10 minutes; then, sub-
strates were rinsed with running distilled water and blow-
gunned ensuring no residual detergent is left. Afterwards, the
substrates were sonicated consecutively in distilled water,
acetone and isopropyl alcohol for 15 minutes (in each solvent).
Immediately after the substrates were removed from the iso-
propanol bath, they were immersed in boiling hot distilled
water and then dried. The substrates were then treated with O,
plasma and transferred into a nitrogen-filled glovebox with
an integrated vacuum evaporation chamber. The vacuum-
processed devices were fabricated in a vacuum chamber (at a
base pressure of <10~° Torr) by depositing multiple organic
layers at a rate of 0.5-1.2 A s™'. The doped emissive layer
was obtained by co-evaporating materials from two different
evaporation sources at different evaporation rates for the
desired doping concentration.

The solution-processed devices were fabricated by the following
procedure. O, plasma-treated ITO/glass substrates were coated
with a PEDOT:PSS (poly(3,4-ethylenedioxythiophene)-poly(styrene-
sulfonate)) layer by spin-coating from a water solution at 5000 rpm.
Before the coating, PEDOT:PSS (Al 4083, purchased from Ossila)
was ultrasonicated and filtered through a 0.45 pm PES filter. The
spin-coating resulted in a 40 nm-thick film, which was annealed at
200 °C for 10 minutes to remove residual H,O. Samples were
then transferred into a nitrogen glovebox, where PVK (poly(9-
vinylcarbazole)) was spin-coated at 2000 rpm from 6 mg mL ™"
chlorobenzene solution, and annealed afterwards at 160 °C for
15 min resulting in a 15 nm-thick layer. Immediately after that,
a 25 nm-thick emissive layer from a 2.5 mg mL™" cyclohexane
solution (emitter: host ratio of 7:93 by weight) was spin-coated
on top at 1500 rpm. The samples were then left to dry for
30 minutes at room temperature before their transfer to an

J. Mater. Chem. C, 2020, 8, 8560-8566 | 8561
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integrated vacuum chamber for further deposition of 5 nm-thick
DPEPO (bis[2-(diphenylphosphino)phenyl] ether oxide) followed by a
50 nm-thick TmPyPB (1,3,5-tri(m-pyridin-3-ylphenyl)benzene) layer.

Finally, for both the solution- and vacuum-processed devices,
the samples were transferred from the organic deposition
chamber to a metal deposition chamber without breaking the
vacuum, where (lithium fluoride) LiF and Al layers at the rates of
0.2 and 1.8 A s, respectively, were successively deposited. The
active area of the final devices was 1 mm? 4 mm® or 16 mm? as
defined by the cross-section of the patterned ITO anode and the
shadow mask of cathode deposition. Before exposure to air,
the devices were transferred from the vacuum chamber to a
nitrogen atmosphere for encapsulation. The OLEDs were encap-
sulated using a UV-curable epoxy resin (DELO KATIOBOND
LP655) and a cover glass on top.

A calibrated characterization set-up comprising an integrating
sphere (Lab sphere), a photonic multichannel analyzer PMA-11
(Hamamatsu) and a source meter 2601A (Keithley) was employed
to evaluate current-voltage-luminance characteristics and the
EQE of the fabricated OLEDs.

3. Results and discussion
3.1. Synthesis

1,8-Naphthyridine derivatives ¢Cz-ND and MetCz-ND were
synthesized in one step from a common precursor, 2,7-dichloro-
1,8-naphthyridine 1, and carbazole derivatives 2-3 possessing tert-
butyl groups using Pd catalysed amination or nucleophilic
aromatic substitution reactions, respectively (Fig. 1). The detailed
information about the synthetic procedures and identification of
molecular structures is provided in the ESLt The methyl group-
containing carbazole 3 was synthesized in high yield using a
Suzuki coupling reaction between the corresponding 1-bromo-
3,7-di-tert-butyl-9H-carbazole and methylboronic acid. The structures
of tCzND and MetCz-ND were unambiguously confirmed by X-ray
analysis (see ESIT). The ND compounds were purified by vacuum
sublimation prior to experiments and device fabrication. Thermo-
gravimetry analysis (TGA) of tCz-ND and MetCz-ND revealed high
decomposition temperatures of 433 °C and 422 °C, respectively,
implying high thermal stability of both compounds and thus
suitability for practical applications (see Fig. S2, ESIY).

3.2. DFT calculations

To gain insight into the photophysical properties of the synthe-
sized compounds, their excitation energies, oscillator strengths,
D-A dihedral angles and HOMO and LUMO distributions were
calculated by using DFT at the B3LYP/6-31G(d) level (see Table
S2 in ESI and Fig. 2).*° The unmodified ¢tCz-ND demonstrated
rather weak CT character due to the small dihedral angle (31°)
between tCz donor and ND acceptor. As expected, Me sub-
stituents in MetCz-ND imposed larger steric hindrance (dihedral
angle 55°) resulting in considerably increased CT strength and
thus reduced excitation energy, oscillator strength and AEgy.
Furthermore, analysis of molecular structures in optimized
ground state geometries revealed proximity between the N atoms

8562 | J. Mater. Chem. C, 2020, 8, 8560-8566
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Fig.2 HOMO and LUMO distributions in 1,8-naphthyridine derivatives
calculated by TD-DFT.

of the ND acceptor and the nearest H atoms of neighbouring D
groups in both compounds, similarly to previously reported
di(pyridinyl)methanone-based TADF emitters."* C-H: --N distances
of 2.39 A and 2.42 A for tCz-ND and MetCz-ND, respectively,
were determined, suggesting an involvement of intramolecular
H-bonding interactions expected to increase the rigidity of the
investigated compounds and thus impact their photophysical
properties.

3.3. Photophysical properties

Absorption spectra of the investigated ND derivatives in toluene
solutions were found to be in good agreement with the DFT
calculation results (see Fig. 3), i.e. tCz-ND expressed intense

(é) T T T T T 7wt% in mCP

r e FL @ 293 K

3.0 Abs. Tol] ——Phosph. @ 10K
----PF@10K

Molar absorption (L x mol™' x cm™ x 10%)
PL intensity (arb. u.)

.0
300 350 400 450 500 550 600 650
Wavelength (nm)

Fig. 3 Absorption (in toluene), fluorescence and phosphorescence spec-
tra (in mCP, and an oxygen-free environment) of tCz-ND (a) and MetCz-
ND (b) at room temperature and 10 K. Prompt FL spectra at 10 K are also
shown.
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absorption with well-resolved vibronic structure, indicating
weak CT character and a less-twisted molecular geometry,
whereas MetCz-ND exhibited a less structured spectrum with
1.5-fold reduced oscillator strength likely due to enhanced CT
and electron-vibronic coupling. Similarly, the FL spectrum of
MetCz-ND in toluene was structureless and redshifted with
respect to that of tCz-ND, signifying enhanced CT character
(Fig. 83, ESIY). This was additionally verified by estimating the
spectral responses of ND compounds with increasing solvent
polarity (Fig. S4, ESIt). The change of the polarity from non-
polar (cyclohexane) to highly polar (acetonitrile) resulted in a
strong red shift and broadening of the FL spectra, which were
obviously more pronounced for MetCz-ND than for ¢tCz-ND. The
photophysical properties of ND compounds are summarized in
Table S3 (ESI¥).

All the studied compounds demonstrated oxygen-sensitive
FL in solutions with distinct prompt (PF) and delayed (DF) FL
components, signifying the presence of TADF (Fig. 4). Moderately
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Fig. 4 FL decay transients of tCz-ND (a) and MetCz-ND (b) in toluene
(squares) and the mCP host at 7 wt% doping concentration (circles) in
an oxygen-free environment. Solid lines represent double exponential fits.
PF and DF components are indicated.
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high FL quantum yield (&) values of 0.53 and 0.64 obtained for
tCz-ND and MetCz-ND, respectively, in solutions were increased
up to 0.76 and 0.86, respectively, by dispersing ND derivatives in a
rigid mCP host at 7 wt% concentration. This concentration was
found to be optimal for the devices delivering maximal EQE. The
ND-doped mCP film processing method, 7.e. vacuum or solution
process, was found to have no impact on the @y, values. The
improved @y, values of the compounds in mCP were accompanied
by notably enhanced contributions of the DF components (Table 1
and Table S3, ESIf), implying reduced non-radiative decay from
the triplet states most likely due to suppressed vibronic coupling to
the ground state.”’ The vibronically-modulated prompt FL and
phosphorescence spectra of #Cz-ND in mCP obtained at 10 K again
confirmed the origin of the emissive states to be of a more
localized (and less CT) nature. Conversely, the analogous spectra
of MetCz-ND with redshifted structureless emission clearly
indicated the CT-like origin of the states (Fig. 3).

DF and PF lifetimes (tpr and tpg) in different media were
obtained by fitting the transients with double exponential
decay profiles (Fig. 4). Slight deviation of the experimental DF
points from the fits in the mCP host at the latest times could
arise due to the small conformational disorder of the molecular
geometry in the solid film.” The determined lifetimes along
with @g;, and DF/PF ratios were further used to calculate the
11SC rate (kysc) according to the previously described procedures
assuming that non-radiative decay occurs mainly from the triplet
states (as discussed above).”! The revealed kysc was found to be
3-fold larger for MetCz-ND (1.06 x 10° s™! in mCP) as compared
to that of the unmodified #Cz-ND (0.34 x 10° s in mCP), which
could be a result of the enhanced coupling between S; and T; due
to the small AEs; (0.09 eV) and stronger vibronic coupling
because of the more labile molecular structure. On the other
hand, less structurally twisted ¢Cz-ND showed the highest
radiative decay rate (k = 4.4 x 107), which, accompanied with
a deep blue (A = 452 nm) and narrow (FWHM = 66 nm) FL
spectrum, makes ¢Cz-ND an excellent candidate for pure blue
emitting TADF-OLEDs.

3.4. OLED performance

To evaluate the potential of naphthyridine compounds as blue
TADF emitters for OLED applications, their electroluminescence
(EL) properties were studied. The two ND compounds were
compared in the same device architecture, where they were
employed as dopants in the ND:mCP emissive layer at the same
optimal doping concentration (7 wt%), identical to that used for FL
studies (Fig. 3 and 4). Under such conditions, the obtained device
characteristics including efficiency roll-off could be directly linked
to the molecular properties of the ND compounds.

Table 1 Photophysical properties of the investigated naphthyridine-doped mCP films (7 wt%) prepared by the solution-process

Compd. Jmax (M) @p Ppp/dpe® o (0S) e (1S) k(10757 hise (107871 kase (10°s7Y) AEg (eV) HOMO/LUMO (eV)
tCz-ND 452 0.76  0.53/0.23 5.2 8.8 4.4 14.8 0.34 0.18 5.6/2.7
MetCz-ND 478 0.86 0.61/0.25 8.3 3.1 3.0 9.0 1.06 0.09 5.6/2.7

“ Estimated from the FL transient measurements. ” AEgy estimated from the onsets of FL (@293 K) and phosphorescence (@10 K) spectra.
¢ HOMO obtained from ionization potential measured by photoelectron emission spectrometry; LUMO = HOMO — E,,.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Characteristics of vacuum-processed OLEDs based on the naphthyridine TADF emitters (7 wt% in mCP): (a) EQE vs. luminance, (b) energy level
diagram, (c) current density and luminance vs. applied voltage, and (d) normalized electroluminescence spectra.

Table 2 Main parameters of vacuum- and solution-processed OLEDs based on the ND(7 wt%):mCP emissive layer

Tech. Emitter Von® (V) EQE® (%) Limax (€d M%) CEpay (€dA™")  LEpa (ImW ") Jpa (hm) FWHM (nm)  CIE 1931 (x, y)

Vac.  tCzND 3.25 17.0/9.9/7.0 8424 22.17 19.88 459 66 (0.14, 0.16)
MetCz-ND ~ 3.25 17.6/14.4/12.5 21459 31.98 23.60 481 88 (0.18, 0.32)

Sol.  tCz-ND 430 13.5/12.1/7.8 6840 17.26 10.24 452 66 (0.15, 0.14)
MetCzND  3.40 11.7/7.5/11.0 23028 23.84 11.76 479 80 (0.16, 0.29)

“ Turn-on voltage at 1 ¢d m ™2, *

The main characteristics of the vacuum-processed OLEDs
are provided in Fig. 5, meanwhile the key parameters are
summarized in Table 2. Vacuum-processed devices were fabri-
cated using the following layer configuration: ITO(100 nm)/
TAPC(30 nm)/TCTA(5 nm)/emitter(7 wt%): mCP(20 nm)/
DPEPO(5 nm)/TmPyPB(50 nm)/LiF(0.8 nm)/Al(100 nm), where
the emitter was either tCz-ND or MetCz-ND. An energy level
diagram of the devices is displayed in Fig. 5b. 4,4’-Cyclo-
hexylidenebis[N,N-bis(4-methylphenyl)benzenamine] (TAPC) and
4,4’ 4"-tris(carbazol-9-yl)triphenylamine (TCTA) acted as hole
injection and transport layers, respectively, whereas LiF and
TmPyPB were employed for electron injection and transport,
respectively. A thin 5 nm layer of DPEPO possessing a large
HOMO-LUMO gap and a high triplet energy (3.0 eV) was used to
confine excitons within the emissive layer.

OLEDs based on tCz-ND demonstrated a low turn-on voltage
(Von) of 3.25 V, EL peak at 459 nm and FWHM of 66 nm
rendering deep-blue narrow-band emission with Commission
Internationale de L'Eclairage (CIE) coordinates of (0.14, 0.16).
With these parameters, our device surpassed the recently

8564 | J. Mater. Chem. C, 2020, 8, 8560-8566

Maximum EQE/EQE at 100 cd m™~*/EQE at 1000 cd m >

2

reported vacuum-processed OLED device based on the same
naphthyridine compound.*® Specifically, Zp,,x and FWHM of
the current device were 10 nm smaller as compared to those
of the previously reported device. This was mainly attributed to
the proper device optimization carried out at 3 times lower
emitter concentration (7 wt%) in the less polar mCP host
(versus strongly polar DPEPO host). Moreover, as will be shown
below, the ¢Cz-ND emitter was also confirmed to be suitable for
fabrication of solution-processed deep-blue TADF OLEDs. The
maximum EQE of tCz-ND-based devices was 17% at low bright-
ness and low current density (Fig. 5a). At the practically useful
brightness of 100 cd m ™2, EQE decreased down to 9.9% with a
further roll-off to 7% at 1000 cd m™> Maximum brightness
achieved in this device was 8424 cd m ™. A further increase of
applied bias caused degradation of the device performance,
most probably because of the exciton annihilation processes
and loss of the current balance.

Although the MetCz-ND-based vacuum-processed OLEDs
demonstrated similar turn-on characteristics with V,, = 3.25 V,
EL of the devices was considerably redshifted with the EL peak at

This journal is © The Royal Society of Chemistry 2020
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481 nm well matching the FL spectrum of the compound doped
into mCP (Fig. 3). Additionally, the stronger CT character of
MetCz-ND (as compared to that of tCz-ND) also implied much
broader EL emission of the device (FWHM = 86 nm) typical of
conventional TADF emitters. The CIE coordinates of this device
(0.18, 0.32) corresponded to sky-blue emission. Similar to ¢Cz-ND
based OLEDs, the MetCz-ND based devices exhibited roughly the
same maximum EQE of 17.6% at low brightness. However, in
contrast to tCz-ND, the latter demonstrated reduced efficiency
roll-off. Explicitly, EQE was reduced only down to 14.4% and
12.5% at the brightness of 100 ¢d m™> and 1000 cd m™2
respectively. The device brightness maxed out at 21459 c¢d m™>
still maintaining EQE above 4%.

The more rapid efficiency roll-off in the OLED based on
tCz-ND can be justified by the 3-fold longer 7y (8.8 pis) measured
for this emitter as compared to that for MetCz-ND. Long triplet
lifetimes are undesirable, since they increase the probability of
triplet interaction causing detrimental annihilation effects. On
the other hand, the fast rISC and short tp (3.1 ps) of MetCz-ND
significantly lowered the triplet population by rapid up-conversion
to the singlet manifold resulting in only 29% loss of device
efficiency at the brightness of 1000 cd m ™2 For comparison, the
device based on #Cz-ND lost 60% of its initial efficiency at a similar
brightness. It is worth noting that the maximum EQE values of
ND-based OLEDs are in good agreement with the @p, values
obtained for the ND-doped mCP films, if ~20% light outcoupling
efficiency of the devices (the case of random emitter orientation) is
taken into account, i.e. EQE = 0.2 x ®g;,.* This highlights the light
outcoupling as the prime efficiency loss suggesting that the OLED
structure is optimized at least for the low brightness regime.
Compared to the performance of currently state-of-the-art
narrow-band deep-blue (<460 nm) OLEDs based on con-
ventional D-A-type TADF emitters, these ND-based (particularly
tCz-ND-based) OLEDs are among the best devices in terms of
the EQE and efficiency roll-off properties (see Table S5 in the
ESI{).5'>%3728 The results imply that sterically controlled
CT interactions combined with H-bonding can indeed be
promising in attaining narrow deep-blue TADF by employing
ND acceptors.

Furthermore, both ND emitters were also tested in analogous
solution-processed OLEDs in which TAPC and TCTA layers were
replaced by solution-processable PEDOT:PSS and PVK (Fig. S5 in
ESIt and Table 2). The performance of these OLEDs was found
to be similar to that of the vacuum-processed devices at high
current densities regardless of the inferior performance observed
at low currents. The worsened performance in terms of the
increased V,, and the reduced EQE can be attributed to the
reduced homogeneity of the solution processed layers as com-
pared to the vacuum evaporated ones and rather poor hole
injection through PVK causing unbalanced electron and hole
currents. Evidently, increasing the current density raises the
EQE of the solution processed OLEDs almost up to the point of
the vacuum-processed devices indicating that the injection
regime close to optimal is achieved. Similar to the vacuum-
evaporated OLEDs, the solution-processed devices based on
tCz-ND exhibited deep-blue (Ayax = 452 nm) and narrow-band

This journal is © The Royal Society of Chemistry 2020
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(FWHM = 66 nm) emission with an EQE of up to 13.5%, which
could be of potential interest to display manufacturers.”’
Although MetCz-ND showed a higher @, (86%) as compared
to that of ¢Cz-ND (76%), the solution-processed device based on
MetCz-ND exhibited a slightly lower maximum EQE (11.7%)
than that of the ¢tCz-ND-based device. This can be explained by
the different EQE vs. luminance dependences observed for the
two studied compounds (see Fig. S5a, ESIt), which suggest that
the current imbalance is more pronounced for the MetCz-
ND-based device causing a delayed rise in EQE and thus slightly
reduced maximum EQE. Summing up, the demonstrated
performance shows the suitability of the investigated naphthyr-
idines to be employed also as solution-processable deep-blue
TADF emitters.

4, Conclusion

In conclusion, relying on H-bonding and sterically controlled
CT interactions, blue/deep-blue TADF emitters based on
D-A-type carbazole-naphthyridine compounds have been
developed. The ND compounds were found to express a small
singlet-triplet energy gap (down to 0.09 eV), high fluorescence
quantum yield (up to 0.86) and rather short delayed fluores-
cence lifetimes (down to 3.1 ps) resulting in a high rISC rate (up
to 10° s') when dispersed in the mCP host. The TADF proper-
ties and emission wavelength and band-width of the ND
derivatives were mainly governed by the CT strength of the
D-A interaction, which could be controlled via methyl substituents
introduced at the first linking position of t-butyl-carbazole donors.
The less sterically hindered compound #Cz-ND exhibited more
narrow and shorter wavelength blue TADF as compared to that of
the more twisted methyl-substituted compound MetCz-ND, imply-
ing a trade-off between the reduced rISC and improved emissive
properties (/max and FWHM). Importantly, the ND compounds
were demonstrated to be suitable as TADF emitters for realization
of vacuum- and solution-processed TADF OLEDs with low
efficiency roll-off in sky-blue (CIE,: 0.18, 0.32) and deep-blue
(CIE,y: 0.14, 0.16) spectral ranges. The optimized devices with
7 wt% ND emitter in the weakly polar mCP host delivered up to
~17.6% and ~13.5% EQEs for the vacuum- and solution-
processed OLEDs, respectively. The OLEDs based on unsub-
stituted ¢Cz-ND exhibited deep-blue (Amax < 460 nm) and
narrow-band (FWHM = 66 nm) electroluminescence, whereas
those based on more twisted methyl-substituted MetCz-ND
expressed broader band (FWHM > 80 nm) and sky-blue (Apax
~ 480 nm) emission. The demonstrated ND-based TADF
OLEDs are among the best blue/deep-blue-emitting devices in
terms of EQE and efficiency roll-off properties. This highlights
the potential of carbazole-naphthyridine-derived materials
to become the basis in future engineering of deep-blue TADF
emitters.
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Abstract: Organic ultralong room temperature phosphorescence (RTP), or organic afterglow, is a unique phenomenon,
gaining widespread attention due to its far-reaching application potential and fundamental interest. Here, two laterally
expanded 9,10-dimesityl-dihydro-9,10-diboraanthracene (DBA) derivatives are demonstrated as excellent afterglow
materials for red and blue-green light emission, which is traced back to persistent thermally activated delayed
fluorescence and RTP. The lateral substitution of polycyclic DBA scaffold, together with weak transversal electron-
donating mesityl groups, ensures the optimal molecular properties for (reverse) intersystem crossing and long-lived
triplet states in a rigid poly(methyl methacrylate) matrix. The achieved afterglow emission quantum yields of up to 3 %
and 15 %, afterglow lifetimes up to 0.8 s and 3.2's and afterglow durations up to 5s and 25 s (for red and blue-green
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emitters, respectively) are attributed to the properties of single molecules.

Introduction

Organic ultralong room temperature phosphorescence
(RTP), often referred to as organic afterglow, is an excep-
tional phenomenon which exhibits a long emission lifetime,
exceeding 100 ms.") Recently, it has attracted extensive
scientific interest due to its promising widespread applica-
tions in multidisciplinary fields, such as data encryption,*!
anti-counterfeiting,”) bioimaging,®* and sensing.!”! Most of
the aforementioned application fields require phosphores-
cence to be long-lasting and efficient, which are in principle
conflicting design goals. This is because the increase of
phosphorescence radiative rate enhances its quantum effi-
ciency, thereby reducing its lifetime.”” Thus, not only
practical but also fundamental interest motivates the
research efforts in this field. The strategies employed in
order to achieve long (>100 ms) and efficient (>5%) pure
organic afterglow systems rely on the fulfilment of two main
conditions: (i) promotion of the intersystem crossing (ISC)
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from S, to T, for the efficient triplet generation; and
(ii) suppression of the radiative and non-radiative decay of
triplet state (T,—S,) to prolong its lifetime.”! The first
condition requires the small energy gap and sufficient spin-
orbit coupling between S, and T, states of different
character,”™ while the second one implicates the locally
excited (LE) character of T, and highly rigid environment,
protected from oxygen and moisture.®!

Thus far, many reported room temperature (RT) after-
glow systems have been based on aggregation-induced
emission,”” including crystal  engineering,*'  H-
aggregation,™ n-n stacking,"® host-guest interaction!'” or
even supramolecular assembly," all of which facilitate the
stabilization of triplet states and reduce the non-radiative
quenching. However, the practical implementation of aggre-
gated molecular states, especially crystals, may be hindered
due to their brittleness and limited processability. Further-
more, the crystallization of the molecules greatly enhances
triplet exciton migration, which may lead to capture at
impurity or defect-related traps, causing the quenching of
excited states. Thus, the focus has shifted towards polymer-
based amorphous organic systems due to their appeal with
regard to practical applications."*”) The most attractive
approach in terms of fabrication is a simple physical
blending of polymer and guest molecules, such that the
appearance of noncovalent bonds would ensure a rigid
environment for both reduced excitonic and vibrational
quenching of triplet excitons, without affecting the excited
states of molecules.""! In this case, the chromophore itself
must demonstrate the combination of long and efficient
RTP; therefore, the same contradiction of long and efficient
phosphorescence needs to be addressed.

In this work, we present two 9,10-dimesityl-9,10-dibor-
aanthracene (DBA) compounds as a new class of organic
RT emission afterglow materials. The mesityl groups not
only render the materials air-and moisture-stable,”*! but

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

138

IQrT SuIuO o)1 “Ansiom,

3
5
2
5
&
I
Z

:

w07y dAnEa1) ajqeonidde oy Aq PauaAod a

g
g



GDCh
p—

)
W

Leessd

Research Articles

o
o

Angewandte

imemationalEdideny) Chermie

tBu t-Bu

Qo 0
! v

: |

H O Mes O

tBu  phenDBA  tBu

Scheme 1. Synthesis and Lewis structure of anDBA (a) and Lewis structure of phenDBA (b). Reagents and conditions: i) Me;SiC=CSiMe; (excess),
CpCo(CO), (10 mol %), reflux temperature, 10 h; ii) BBr; (3.5 eq.), 120°C, 3 d; iii) MesMgBr (in tetrahydrofuran, 2.0 eq.), toluene, 0°C to room

temperature.

also work as weak electron donors to the central molecular
systems. The lateral expansion of polycyclic DBA scaffold
by acenaphthylene (anDBA) or phenanthrene (phenDBA)
(Scheme 1) substructures tunes the singlet and triplet
excited state energies, enabling extraordinary afterglow
properties. This synthetic approach allows for the creation
of a colour-tuneable (red and blue to green), ultralong
(lifetimes up to 0.8 s and 3.2 s, afterglow duration up to 5s
and 25 s) and efficient (afterglow quantum efficiencies up to
3% and 15 %) bicomponent organic RT afterglow systems
by simply embedding compounds into a rigid poly(methyl
methacrylate) (PMMA) matrix. Despite the present RTP of
these compounds, the afterglow quantum yield is enhanced
by an additional thermally activated delayed fluorescence
(TADF) component, which is beneficial in terms of applic-
ability since TADF and RTP exhibit the same long
lifetime.**! The pronounced TADF impact to afterglow
spectra (especially in the case of phenDBA) also allows to
tune the afterglow colour by simply changing the temper-
ature. Even though the explicitly long phosphorescence
lifetimes of coronene-h,, and coronene-d,, based systems in
PMMA have already been shown by J. L. Kropp et al.,”l the
presented results in the current work are among the best of
recently reported amorphous chromophore-polymer sys-
tems, based on simple physical blending.?>? 3 The
ultralong emission properties of these DBA compounds
were further employed for a data-writing demonstration.

Results and Discussion

In order to access anDBA, it was necessary to synthesize
8,9-bis(trimethylsilyl)fluoranthene. This goal could be
achieved by applying the Vollhardt-cyclization to 1.8-
diethynyl naphthalene. Until now, this known compound
could only be prepared under harsh Sonogashira
conditions® or via HBr elimination from 1,8-bis(1,2-dibro-
moethyl)naphthalene.”” In the course of our synthetic
efforts, it was found that this versatile building block is
accessible via Negishi-coupling of Me;SiC=CZnCI-LiCl with
1,8-diiodonaphthalene® within 2 h at room temperature in
virtually quantitative yield. After desilylation, cyclization

Angew. Chem. Int. Ed. 2023, 62, €202215071 (2 of 9)

and Si/B-exchange, anDBA was obtained in 23 % yield over
five steps. The synthesis of phenDBA has already been
published elsewhere.*"

The UV/Vis spectra of anDBA and phenDBA (Figure 1
and Table S1 in Supporting Information) in c¢-hexane are
comprised of absorption bands at ca. 330 nm with relatively
high molar extinction coefficient values of ¢
~100000 M 'ecm™ for both compounds and structured
bands at ca. 400-455nm of lower intensity (e
~40000 M~'cm™"). The fluorescence spectra of both com-
pounds also possess vibrationally resolved shapes. For
anDBA, the 0 and 1* fluorescence vibronic bands located at
445 nm and 488 nm have a reduced intensity, leaving the 2™
at 520nm to be the most intense (Figure S4, Supporting
Information). According to the evaluated energy difference
between bands of anDBA emission spectrum, the peak at
445 nm (2.78 eV) corresponds to a different emitting state
than the rest of the observed fluorescence spectrum;
however, its contribution to overall emission remains low. In

300 400 500 600
6 : — 15
:oa anDBA 5
Pk s 2 110 @
Foc R 2t
- 2F SN 105 £
1S < o . c
o cave P o
50 a
k) o £
T4 o
W e e
2+ c
z
0
300 400 500 600

Wavelength, nm

Figure 1. The absorption and fluorescence spectra of anDBA (a) and
phenDBA (b) in c-hexane at ambient conditions. The concentration of
the compounds for fluorescence measurements is 10°° M, the
excitation wavelength was set to 330 nm.
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the case of phenDBA, a small Stokes shift and mirror image
relationship between absorption and fluorescence spectra is
observed. The fluorescence quantum yield (®g ) of anDBA
(Pr.=20%) is half as high as that of phenDBA (¥ =
47%), whereas the fluorescence lifetimes (t) differ three-
fold: 14 ns for anDBA and 5 ns for phenDBA (recorded at
peak maximum in air saturated, c-hexane, see Table S1 in
Supporting Information). The performed absorption and
fluorescence spectra measurements in solvents of different
polarity show no pronounced solvatochromism, revealing
the dominant local excitonic (LE) transition for both
compounds (Figure S5, Supporting Information). In addi-
tion, the degassing of the solutions resulted in a small
increase of photoluminescence intensity (ca. 1.3 folds)
(Table S1, Supporting Information), caused by the appear-
ance of the weak delayed fluorescence, emphasizing that
phosphorescence in solutions is quenched mainly by vibra-
tional relaxation rather than by the oxygen.

The photophysical properties of anDBA and phenDBA
compounds in organic solvents appear to be similar to those
observed for other laterally expanded dibora-
anthracenes.™*! However, the studied DBA compounds
incorporated in a rigid polymer (PMMA) matrix disclosed
the bicomponent delayed emission from the long-lived
excited states. The excited state dynamics in a nanosecond
to second timescale was revealed by time-resolved emission
experiments. The emission decay profiles of 0.1 wt%
PMMA encapsulated films and characteristic emission
spectra at different time delays are shown in Figure 2a-d. At
an early time scale from 0 to 100 ns the prompt fluorescence,
peaking at 525nm for anDBA and at 445470 nm for
phenDBA, is present, with fluorescence lifetimes (tm =
12.5 ns for anDBA and 1 =8.5 ns for phenDBA) similar to
those observed in solutions. Excitingly, from 1 ps to several
seconds, the delayed emission is observed with remarkably
long mono-exponential (t,=042s) and bi-exponential
(t14;=0.17s and 1,,=0.93 5) decays for anDBA and phenD-
BA, respectively, which is referred to as emission afterglow.

The afterglow emission spectra of both compounds are
comprised of two bands each: a higher-energy band (at
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525 nm for anDBA and 445-470 nm for phenDBA), which
is nearly identical to prompt fluorescence spectrum, and a
lower-energy band (at 614 nm for anDBA and 531 nm for
phenDBA). The origin of the dual afterglow emission is
revealed by time-resolved experiments at 30 K (Figure 2c,
2d and Figure S6, Supporting Information). After a signifi-
cant time delay of 100 ps, the measured low-temperature
delayed emission consists of the low-energy part, which is
attributed to phosphorescence of compounds. Since the
high-energy band, or in other words delayed fluorescence, is
temperature dependent and is severely decreased at 30 K, it
could originate via thermally activated delayed fluorescence
(TADF) or due to triplet-triplet annihilation (TTA). In the
case of TTA, the delayed fluorescence at low triplet exciton
concentrations should exhibit a lifetime that is twice as short
compared to phosphorescence.’**) However, the observed
dual afterglow emission of DBA compounds has the same
ultralong emission lifetimes (Figure S7, Supporting Informa-
tion), which consequently eliminates TTA, leaving TADF as
the most probable origin of delayed fluorescence.

The afterglow quantum yields (®,) at RT obtained by
peak-differentiation-imitating analysis for 0.1 wt % PMMA
films are 3% for the red afterglow of anDBA and 15 % for
the blue to green afterglow of phenDBA (Table 1). The
afterglow quantum yield is a sum of persistent TADF and
RTP components (P =Dpppp+P,). According to the after-
glow spectral composition, persistent TADF only slightly
contributes to overall afterglow efficiency in the case of
anDBA (®yzpp=0.4 %), while in terms of phenDBA, it
significantly promotes ®, (®rapr=12%). The ultralong
lifetimes of persistent TADF indicate a very slow reverse
intersystem crossing (RISC), that is confirmed by estimated
low RISC rate constants: kg;sc=0.05s" for anDBA and
Kpise=1.06s"" for phenDBA." On the other hand, the
estimated ISC rates are considerably high: kjsc=6.0x10"s™"
for anDBA and k;sc=8.4x10"s™' for phenDBA (see Evalu-
ation of rate constants, Supporting Information). The ISC
rates match well the non-radiative fluorescence rates
obtained in solvents (Table S1, Supporting Information) and
indicate the efficient ISC from the excited singlet to excited

Table 1: Emission quantum yields and lifetimes of anDBA and phenDBA, encapsulated in PMMA matrix at different concentrations, measured at

room temperature.

wt% in PMMA anDBA phenDBA
Dy, % @, % wWs D, % @, % T ¥'s (%) T W' (%)

0.1%F 28 31 0.42 44 15.1 0.17 (20) 0.93 (80)
158 20 28 0.42 49 1.7 0.39 (24) 1.19 (76)
0.1 30 32 0.59 47 1.8 0.21 (17) 1.33 (83)
1 21 26 0.70 50 10.3 0.47 (17) 2.60 (83)
5 10 23 0.74 47 10.8 0.98 (37) 2.72 (63)
10 1 2.9 0.76 36 7.9 1.00 (25) 3.19 (75)
20 8 1.9 0.71 36 7.31 0.83 (24) 3.06 (76)
40 5 -t -t 29 9.2 0.74 (23) 2.97 (77)

[a] Photoluminescence quantum yield including fluorescence and afterglow. [b] Afterglow quantum yield. [c] Afterglow lifetime. [d] Afterglow
lifetime components of bi-exponential fit. Fractional contribution of each component is indicated in the parenthesis. [e] Samples that were not
annealed prior to experiments. [f] Afterglow quantum yield errors of higher concentration samples may be increased due to aggregation
determined processes. [g] The intensity of emission afterglow was too low to accurately record its efficiency and lifetime.
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Figure 2. Emission decay transients (a,b) and its characteristic emission spectra (c,d) obtained at different time delays (the FL spectra, blue, at 0—
100 ns and TADF&PH spectra, yellow, at 100 ps to few seconds) of anDBA and phenDBA, respectively, in 0.1 wt% encapsulated PMMA films. The
excitation wavelength was set to 330 nm. The steady-state fluorescence spectra in c-hexane (FL in SOL) and phosphorescence spectra, measured
with 100 ps delay and 800 ps optical window of 0.1 wt% PMMA films at 30 K (PH in film 30 K) are also displayed in (c,d) for reference. The
photographs of anDBA and phenDBA in 10 wt % encapsulated PMMA films after excitation is turned off (e).

triplet states, which is one of the most important pre-
requisites for long and efficient afterglow emission.

Thus, despite conflicting in principle, the desired proper-
ties of a long and efficient afterglow were demonstrated.
Importantly, 1, can be prolonged even further by annealing
the low-concentration PMMA films, since the heat treat-
ment increases rigidity of the PMMA matrix (Table 1).
However, the obvious signs of aggregation of the com-
pounds were noted, as PMMA films become opaque once
heat-treated. Consequently, we further performed concen-
tration optimization experiments in order to discover the
impact of aggregation and the limits of afterglow properties.

Upon increasing the concentration of samples from
0.1wt% to 40wt% in PMMA, the small red shift of

Angew. Chem. Int. Ed. 2023, 62, €202215071 (4 of 9)

fluorescence spectra and the redistribution of vibronic band
intensity is observed (Figure S8, Supporting Information).
The afterglow lifetimes are enhanced up to a certain
concentration (10 wt %) and later start to shorten (Table 1,
Figure S9, Supporting Information). Most likely, the inter-
mediate to high concentration alters local environment
rigidity (compounds act as hardening agents); however,
further concentration increase enhances exciton diffusion to
non-radiative deactivation sites such as impurities or struc-
tural defects. The longest emission afterglow, observed for
10 wt % PMMA samples, reaches up to 1, =0.76 s and up to
T =1s, 14,=3.19s, with considerably long afterglow dura-
tions (time until the afterglow is no longer visible to the
naked eye) of 5s and 25s for anDBA and phenDBA,
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respectively (Table 1, Figure 2e and Movie S1). It has al-
ready been shown elsewhere that the morphology of
samples may be critical to obtain long and efficient RTP (or
afterglow).” However, it is debatable whether the emission
afterglow in the current work is related to H-aggregation (or
7 stacking) as a typical mechanism of ultralong RTP."*1¢!
Even though the increase of afterglow lifetimes was
observed in films containing a higher concentration of the
dopant, the absence of phosphorescence spectral shift in
10wt % PMMA films, compared to 0.1 wt% (Figure S10,
Supporting Information), rules out the possible stabilization
of triplet states upon molecular aggregation. It is important
to note that the slow evaporation of solvent due to selected
preparation method (drop-casting) may cause the aggrega-
tion of chromophores, especially considering the large n-
conjugated structures of studied compounds. Thus, the
control measurements were repeated on the spin-coated thin
film samples of 0.1wt% in PMMA (see Figure S11,
Supporting Information) in order to presumably avoid
aggregation and to check the appearance of afterglow
emission. Indeed, the obtained afterglow lifetimes (1=
0.45 s for anDBA and 1,,=0.16 s, 14,=1.35 s for phenDBA)
are similar to those of drop-casted 0.1 wt % PMMA films.
These results suggest that the ultralong afterglow arises due
to properties of single molecules, in contrast to, for example,
charge-separation based afterglow systems, where exciplexes
need to be formed between a host and guest molecules in
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order to realize long afterglow durations, that may last up to
hours.*!

To comprehend the role of the excited state energy
levels arrangement and other structure-related properties on
bi-component emission afterglow of studied DBA com-
pounds, the theoretical evaluation was further performed.
The ground state and the selected excited state (S, S,, S
and T,) geometries as well as transition energies were
calculated by using Tamm-Dancoff approximation (TDA)!!!
to TD-DFT at the theory level of CAMB3LYP/6-31G(d),
implemented in ORCA 5.0.3 software,** including linear
response polarized continuum model (LR-PCM, solvent-
toluene). Although the range-separated functionals tend to
overestimate LE state energies, it was employed as a
qualitative tool to evaluate the energetical arrangement and
thus the energetical difference between states, as well as
molecular orbital redistribution, especially as the upper
triplet (as well as singlet) states appear to be of charge
transfer (CT) nature (see below).** According to the
obtained charge distribution in HONTO and LUNTO states
(Figure 3 and Figures S13-S14, Supporting Information),
acenaphthylene units determine more extended conjugation
in the polycyclic scaffold of anDBA if compared to
phenDBA, which is laterally expanded by phenanthrene
units decorated with rert-butyl groups. The extended con-
jugation itself determines the lower energies of excited
states of anDBA and thus, the red shifted fluorescence and
phosphorescence spectra. The differences in conjugation

- .
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Figure 3. The singlet-triplet energy diagram, the corresponding S;—S, and S,—T, energies in eV, oscillator strengths of S,—S, transitions and
natural transition orbital (NTO) distribution, obtained for optimized ground state geometries, for anDBA (a) and phenDBA (b). The arrows indicate
spin-orbit coupling between states, which was obtained for optimized S,, S, and S, and T, excited state geometries.
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length may be defined by electron donoric properties of tert-
butyl groups, causing a more localized charge distribution
on the dibora core in LUNTO states of phenDBA.

The performed calculations revealed a multitude of
nearby lying singlet and triplet states (Figure 3, Tables S2
and S4, Supporting Information). The calculated lowest
excited singlet states S; in a ground state geometry were
found to be forbidden “dark” states with oscillator strength
(f) equal to zero for both compounds, mainly due to the lack
of corresponding HONTO-LUNTO wavefunction overlap
(see molecular orbital distribution in Figure 3 and in
Figures S13-S14, Supporting Information), as was also
observed elsewhere for a similar 6,13-dimesityl-6,13-dihy-
dro-6,13-diborapentacene compound.™ The first “bright”
states, also observed as the lowest energy absorption bands
in the absorption spectra, with significant oscillator strengths
of f=1.36 for anDBA and f=0.80 for phenDBA are S,
states, where charge is mainly located on the polycyclic core
in the ground state and is redistributed to the dibora core
upon excitation. Both S; and S, possess a LE character.
Interestingly, almost degenerate states for locally excited S,
are the S; states of charge transfer nature, where charge
from mesityl groups is transferred to the dibora core. The
optimization of the excited S, S, and S; geometries revealed
that the lowest excited states, after molecular geometry
relaxation, remain the forbidden S, states. However, in the
case of phenDBA, the oscillator strength for S;-S, transition
acquires a non-zero oscillator strength value of 0.004.
According to Figure 3, there are at least six excited triplet
states that lie energetically close or below S;-S; singlet states.
The lowest triplet states T, are comprised of the same
charge distribution in the HONTO and LUNTO states as S;.
Most of the triplet states that lay higher than T, also possess
LE nature. However, the Ts; and Ty for anDBA and
phenDBA, respectively, are both of CT nature, with similar
charge redistribution as for S; states.

The efficient emission afterglow and relatively short
fluorescence lifetimes discussed in the previous section
suggest an efficient intersystem crossing (ISC). The spin-
orbit coupling (SOC) between singlet and triplet states were
calculated for the optimized S,, S,, S; and T, excited state
geometries for the respective S,—T, and T,—S, transitions
and are indicated for reference in Figure 3 and given in
Tables S3 and S5, Supporting Information. In the case of
anDBA, the highest SOC matrix element value (SOCME)
was obtained for S;—Ts transition (SOCME=0.70 cm').
Alternatively, significant SOCMEs were also obtained for
S;—T, (0.52cm™) or S;—T; (0.42 cm™) transitions, though
the energy gap difference would be higher in the latter case.
Nevertheless, it is obvious that CT states, whether singlet or
triplet, play a crucial role in terms of ISC for anDBA. In the
case of phenDBA, the possible multichannel ISC is
estimated. The highest spin-orbit coupling is calculated for
S,—T; transition with SOCME =0.80 cm™". In addition, the
CT §,; state efficiently couples with almost all triplet states.
No spin-orbit coupling between S, and T, is obtained for
either compound, as expected due to the same electronic
character. The spin-orbit coupling was only considered for
excited states up to S;, as no significant changes of the

Angew. Chem. Int. Ed. 2023, 62, €202215071 (6 of 9)
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excited state dynamics were observed by exciting anDBA or
phenDBA samples at 330 nm or at 440 nm.

The immensely long lifetimes of the lowest excited
triplet states, the existence of multiple intermediate triplet
states and the relatively large SOCME values between S,
and T, states also explain the presence of TADF, even
though the significantly large AE(S;-T;) gaps (>500 meV
(anDBA) and 440 meV (phenDBA)) are revealed exper-
imentally from fluorescence and phosphorescence spectra
and confirmed theoretically (Figure S6 and Tables S2 and
S4, Supporting Information). According to the Arrhenius
plots obtained from TADF spectral integral dependence on
the reciprocal temperature, the activation energy (E,) is
equal to 160 meV for anDBA, while for phenDBA two E,
values were obtained: 115meV at low temperatures and
57meV at higher temperatures (Figure 4a-d). We suggest
that the mismatch between AE(S,-T;) and E, most likely
indicates that TADF is enabled through intermediate triplet
states, as it is quite frequently observed for other TADF-
type emitters.** Furthermore, in case the activation

j b
3 3 10
o e phenDBA
E E
c c 10°
2 K]
2 3
§ 510’
£ 3
H 230K-330K | 5, 2 190 K- 320K
z =10 s s

500 600 700 400 500 600 700

c Wavelength, nm d Wavelength, nm
_ E_=57 meV
B E,=160 meV g
g : g E,=115 meV
< £
i TADF w
u « | B TADF
8 o | 2 o
= 240K
30 32 34 36 38 40 42 32 36 40 44 48
e 10%T, K f 104T, K

Figure 4. The afterglow spectra of anDBA (a) and phenDBA (b) in

1 wt% PMMA, measured after 100 ps delay and with 800 ps optical
window, at different temperatures. The grey arrows in a and b represent
the increase or decrease of afterglow intensity upon temperature
increase (230-330 K for anDBA and 190-320 K for phenDBA). The
respective Arrhenius plots, obtained by plotting TADF spectral integral
versus reciprocal temperature, with activation energies, obtained from
linear fits (blue and green lines), given in graphs for anDBA (c) and
phenDBA (d). Samples of 1 wt% in PMMA were selected in order to
facilitate measurement conditions by obtaining higher intensity of
afterglow and also to avoid aggregation induced effects. The CIE
chromaticity diagrams representing the dependence of afterglow colour
on different temperatures for anDBA (e) and phenDBA (f).
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energy reflects the adiabatic AE(S;-T)), the RISC between
S, and T, would be highly restricted due to the same
electronic nature of S; and T, and thus the absent SOC
between these two states. The unusual dual activation
energy of phenDBA may indicate different RISC channels.

The presence of persistent TADF component in the
afterglow spectra and its intensity dependence on temper-
ature results in the possibility to tune afterglow colour for
studied compounds. The CIE (x, y) chromaticity coordinates
change significantly: from (0.64, 0.34) at 190 K to (0.43, 0.45)
at 330 K for anDBA and from (0.34, 0.59) at 190 K to (0.16,
0.15) at 320 K for phenDBA (see Figure 4e and 4f).

The estimated radiative phosphorescence rates k,=
0.06s™" and k,=0.04s™" (k,=®,/1,) for anDBA and phenD-
BA, respectively, in 0.1 wt % PMMA at RT are sufficiently
low. However, to observe the ultralong phosphorescence,
the negligible non-radiative phosphorescence rates (k,,) are
also needed."" Indeed, the long-lived T, states are defined by
the very low k,, values: k,,=2.3s"' for anDBA and k,, =
1.2s7" for phenDBA (k,, =[1-®,]/t,). This may be related to
the weak electron-vibronic interaction caused by the local-
ization of the excited states on the dibora core (in the
excited T, geometry). Interestingly, the phosphorescence
rates are significantly reduced (lifetimes prolonged) below
TADF “turn-on” temperatures (270 K for anDBA and
240K for phenDBA) (Figure S12, ESI), indicating that
TADEF actually acts as the main depopulation channel of the
lowest excited triplet states at RT, while simultaneously
increasing the afterglow quantum efficiency. The roughly
estimated non-radiative phosphorescence rates at low tem-
peratures (230 K, for 1 wt% PMMA films) are extremely
small: k,, ~ 15! for anDBA and k,, ~0.2s™' for phenDBA.
Thus, the rigidity of polymer matrix is sufficient to practi-
cally reach the limits of phosphorescence k,,, which is also
related to molecular properties, such as low vibronic
coupling between the lowest excited triplet and ground
states.*!

Thus, we believe that the nature of such extraordinary
triplet non-radiative decay rates deserves a separate study in
order to better understand the design principles of single
molecules for ultralong and efficient room temperature
phosphorescence. In addition, the wide possibilities to adjust
DBA structure by changing electron donating fragments or
by incorporating different lateral substituents should help to
fine-tune the energetical alignment for the desired proper-
ties, i.e. turning off TADF for even longer phosphorescence
or, contrarily, enhancing long-lived delayed fluorescence for
higher afterglow efficiencies.

The properties of the studied compounds were further
tested for information recording. First, the transparent films
were prepared by coating thin DBA layers of 0.2 wt% in
PMMA on a glass and covering them with poly(vinyl
alcohol) (PVA) layers that serve as an oxygen barrier. As
the procedure is carried out in ambient conditions, only
fluorescence is present upon excitation of films. Next, the
samples were irradiated by 405nm laser light (>5mW
power) through a selected mask for a certain time (~ 1 min),
until the intense phosphorescence was observed in an
oxygen saturated environment. The selected information

Angew. Chem. Int. Ed. 2023, 62, €202215071 (7 of 9)
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writing method is based on the control of molecular oxygen
in chromophore-polymer film, as presented elsewhere."
Once excited, DBA compounds generate high triplet exciton
concentration, which is quenched by molecular oxygen
trapped in a polymer. Upon quenching, the singlet oxygen is
generated, which mostly reacts with surrounding polymer
and thus the depleted oxygen concentration leads to
efficient phosphorescence in the irradiated area. The written
information can be further read by changing the irradiation
intensity to a low level (alternatively, a CW light source can
be used), as only regions that were previously strongly
irradiated are glowing. Consequently, two tags of different
colours with encrypted information were prepared with
visible red and cyan afterglow emission up to 2 s and 8 s, for
anDBA and phenDBA, respectively (Figure 5 and Mov-
ie S2).

Conclusion

In summary, we have presented two laterally expanded 9,10-
dimesityl-9,10-diboraanthracenes (DBA) by acenaphthylene
and phenanthrene units with weak electron donating mesityl
groups as a new class of purely organic room temperature
afterglow materials. The ultralong and efficient emission
afterglow is comprised of persistent TADF and RTP, with
lifetimes of up to 0.8 s and 3.2 s, afterglow duration up to 5's
and 25 s, and maximum afterglow quantum efficiencies up to
3% and 15% for red and blue to green emitters,
respectively. The afterglow emission originates from single
molecules embedded into rigid polymer (PMMA) matrix,
rather than from aggregated molecular states. On the other
hand, the emission properties can be tuned upon annealing
or increasing the compound concentration. The afterglow
mechanism is a combination of i)the multiple available
channels for an efficient ISC between excited singlet and
triplet states of different nature; ii) the lowest excited LE
triplet states (T,) with very low radiative and non-radiative
decay rates; and finally, iii) closely lying triplet and singlet
states as well as long-lived population of T, that both create
the possibility for reverse intersystem crossing, causing the
appearance of TADF component through intermediate
states. TADF is considered to be the main depopulation
channel of the lowest excited triplet states at room temper-

Excitation

Figure 5. The afterglow images of recorded data on anDBA (top) and
phenDBA (bottom) 0.2 wt% PMMA transparent layers.
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ature, while it significantly increases the afterglow efficiency.
Besides, the presence of persistent TADF allows tuning the
afterglow colour, which may be advantageous for temper-
ature sensing. The ultralong-lived emission properties of
studied molecules were successfully employed for data
writing. The presented DBA compounds demonstrate the
superior afterglow properties, especially compared to other
amorphous chromophore-polymer systems. Our strategy
allows for a wide range of synthetic possibilities to fine-tune
the RT afterglow by incorporating stronger electron donors
and/or by introducing different lateral substituents.
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