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INTRODUCTION

While a direct link of computer to the brain is desired and is slowly devel-
oped [1-3], today it remains more a of a science fiction than reality. Meanwhile
our gateway to the internet and interaction with technology are screens. Never
before have humanity spent so much time staring at the different kind of screens
whether it is used for work, relaxation, access to news and information or as
a mean of communication. The things got even more escalated in the face
of global pandemic this year, when social distancing became the only counter-
measure against deadly virus and the screen became our only window for social
interactions.

Naturally high demands are raised for screens as they are used everyday:
high resolution, pure colors, high contrast and luminance, all served in compact
and flexible package. Moreover, the exhausted hardware advances in smart-
phone market and a large number of brands together high technological crav-
ings of consumers puts a fierce rivalry among the manufacturers as they try
to seduce us with an unprecedented new features and designs . If we analyze
the latest breakthrough advances of smartphones, one important thing can be
noted. High contrast and definition displays with "true black" color, foldable
phones, on-screen fingerprint detector, behind the screen front camera, curved
displays have one thing in common — they were made possible by organic light
emitting diode (OLED). The TV and monitor producers are also exploiting
OLEDs as new unseen technologies emerges: wallpaper TV’s, which are glued
directly to the wall, a projector like rollabale TV’s and even transparent TV
are soon to be commercially available on consumer level. The OLED monitors,
meanwhile, offer extremely fast response times with impressive color gamut.
The OLED market is expected to reach $33 billion by the end of 2020 and is
rapidly catching up with LCD technology in smartphone and TV categories,
where the advantages of OLED shine out the most.

The organic compounds have been here for billions of years and are the
main building material of nature, yet only recently they ventured into man
made products. Organic materials combines electrical properties of semicon-
ductors with chemical and mechanical advantages of organic matter such as
plastic, therefore for the last century they were extensively researched [4-6].
The endless selection of compounds exhibits various interesting properties, one
of them is electroluminescence — emission of light caused by passing electric cur-
rent. While the first observations of blue electroluminescence from anthracene
crystals was reported as early as 1963 [7], the first organic device was introduced
by Tang and van Slyke in 1987 [8] followed by extensive studies and a success-
ful commercialization in the next decade as backlight in LCD screens [9, 10].
The initial (1% generation) devices were based on radiative singlet decay to
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ground sate, called fluorescence (Figure: 1). However due to spin statistics
electrically injected charge carriers yield 25 % singlet and 75 % non-emissive
triplet states [11]. Combined with unenhanced out-coupling efficiency this lead
to devices with external quantum efficiencies (EQE) comparable to those of
halogen light bulb (under 5 %).

15t generat|on 2nd generatlon 3rd generatlon

25% \ 75% 25% " 75% 25W°/°
s,o s, “risC
T, . o000 ) !

000 %OOCO

Fluorescence Phosphorescence FL
So So TADF S,

Figure 1: Principle schemes of different generations of OLED devices.

A widely-used approach to overcome this limitation was presented with
the 2°¢ generation phosphorescence emitters (Figure 1). The emission of these
devices originates from the triplet state while the singlet excitons are converted
to triplets via efficient intersystem crossing (ISC). A heavy-atom is introduced
into the organic compounds which mixes the singlet and triplet states due
to enhanced spin-orbit coupling (SOC), enabling triplet emission and boosting
ISC [11,12]. The triplet harvesting enabled internal quantum efficiencies (IQE)
of unity leading to devices with EQE of 20-30 % without additional outcoupling
techniques. While second generation OLEDs are successfully deployed, they
suffer from poor stability, especially in the blue emission region [13]. Moreover
expensive metals like iridium and platinum are typically used to induce the
heavy-atom effect which also raises concerns for environmental effects. Thus
an all organic approach is desirable.

In 2012 Adachi et al. utilised E-type delayed emission, firstly observed
by Parker et al. [14], to harvest the "dark" triplet states in efficient emitters
without the use of heavy metals and named it thermally activated delayed
fluorescence (TADF), introducing the 3™ generation of organic emitters [15—
17]. Here the molecular compounds are designed to have small (usually less
than about 200 meV) energy gap between lowest singlet and lowest triplet states
AFEgr, so that reverse intersystem crossing (rISC) can be initiated by ambient
thermal energy. All of TADF triplet states can be harvested by efficient rISC
producing IQE values of up to 100 % [18,19].

The TADF emitters offer the same high performance as commercially avail-
able phosphorescence emitters in a more elegant, all organic, package. Yet
only now we are witnessing the dawn of TADF commercialization era from
companies like Kyulux and Cynora. However, unsolved problems such as low
external quantum efficiency (EQE) of deep-blue emitters, high efficiency roll-
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off at higher luminance values and fast degradation of devices still plagues the
TADF emitters, slowing down their applicability.

Aim and novelty

While TADF emitters are one of the heavily researched branch of organic semi-
conductors some effects like conformational disorder impact on emission prop-
erties remain rather unexplored. Moreover, the design strategies of third gen-
eration emitters are not, yet, clear enough as the science behind the conditions
for efficient TADF and required molecular structure is still at its young age.
The aim of this work was to explore how molecular modifications impact TADF
properties of donor—acceptor compounds and suggest optimization pathways to
improve TADF properties, especially in the blue region of emission.
To achieve this aim several tasks were set:

o Utilize time-resolved spectra measurements to perform in-depth analysis
of thermally assisted delayed fluorescence in differently modified com-
pounds containing pyrimidine acceptor and carbazole, phenothiazine or
phenoxazine donor moieties.

o Investigate solid-state TADF emission and decay transients of molecules
possessing different core rigidity, yet similar photophysical properties in
dilute solutions, to assess effects of conformational disorder.

e Reveal the origin of fast dual delayed fluorescence in compounds were
donor and acceptor moieties are bound by non-conjugated o-bridge and
evaluate their performance as TADF emitters.

e Assess how small modifications of phenyl-pyrimidine acceptor core with
methyl groups or linking pattern of carbazole donor units affect TADF
emission properties and decay lifetimes.

e Prepare OLED devices with optimized donor-acceptor compounds as
TADF emitters and evaluate their electroluminance properties together
with external quantum efficiencies.

Statements to be defended

1. Some of the undesirable solid-state conformational disorder effects in
donor-acceptor TADF compounds can be prevented by designing a rigid
molecular core or accelerating reverse intersystem crossing rate.

2. TADF donor—acceptor molecules with hyperconjugated spacer (D—c—A)
should be designed with great care as weak coupling between donor and
acceptor results in extremely low radiative decay rate which can hardly
compete with various non-radiative decay pathways.

10



3. High emission yield in carbazole—pyrimidine TADF compounds can be
achieved by selective optimization of linking pattern of donor units and
enhancing prompt fluorescence yield rather than delocalizing the n—
electron system.

4. Phenoxazine-pyrimidine D-A-D molecular structure shows remarkable
submicrosecond TADF decay time-constant in solid-state, achieved by
selective structural modifications by methyl units, minimizing the singlet-
triplet energy gaps.

Layout of the dissertation

The dissertation is presented as a collection of articles with chapters 1-3 sum-
marizing the findings in papers [A1-A6]. The papers are numbered in chrono-
logical order of their publish date.

In the first chapter based on papers [A1, A3] the effects of conformational
disorder in solid-state are explored in several TADF compounds exhibiting sim-
ilar emissions, but possessing different molecular structure. In the second chap-
ter, based on [A2] the in—depth property analysis of donor—acceptor compounds
joined by hyperconjugated o bridge is presented. Here several donor units were
bound to triazine acceptor fragment by hexafluoroisopropylidene spacer unit.
Though initial investigation of the compounds suggested extremely fast TADF
lifetime, the time-resolved analysis revealed interplay of intra-/intermolecular
charge transfer states with exceptionally long prompt fluorescence. In the fi-
nal chapter based on articles [A4, A5, A6] different molecule structure opti-
mization strategies are employed on compounds possessing pyrimidine acceptor
and carbazole or phenoxazine donor moietes, to create efficiently performing
OLEDs. Devices exhibiting relatively efficient deep-blue, very efficient blue and
extremely efficient green electroluminescence are presented. Also TADF decay
lifetime of 860 ns was achieved which is amongst the lowest values reported for
TADF emitters.

Contribution of the author

The author performed all photophysical characterization, steady-state and
time-resolved spectroscopy experiments, processed and analysed the obtained
data. The author also contributed to preparation and participated in discus-
sions of all manuscripts.

The synthesis of most of the molecules presented in this work were car-
ried out by organic chemistry group led by prof. Sigitas Tumkevicius (Vilnius
University). Other compounds were synthesized by prof. Vytautas Getautis
group (Kaunas University of Technology) and OPERA group led by prof. Chi-
haya Adachi (Kyushu University, Japan). DFT modeling was performed by dr.
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Tomas Serevi¢ius (Vilnius University) and dr. Alytis Gruodis (Vilnius Uni-
versity). DSC measurements and analysis was carried out by dr. Regimantas
Komskis (Vilnius University). All OLED devices were prepared and analysed
by Dovydas Banevicius (Vilnius University). The author is honored to work
alongside these great people and thanks them for contributing to this work!
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BRIEF INTRODUCTION OF TADF

This chapter will introduce the reader to the basics of thermally activated
delayed fluorescence, needed to comprehend this thesis.

Harvesting "dark" triplet states

Several approaches for upconverting non-emissive triplet states to emissive sin-
glet states are known: TADF, hot exciton and triplet-triplet annihilation (TTA)
(Figure 2). In case of hot exciton process, the excitons are converted in high-
lying (called hot) triplet states (T, ) whose energy is close to high-lying singlet
state (Sp). The rISC should be fast enough to compete with internal conver-
sion to lower-lying triplet states [20-22]. While IQE of 100 % is theoretically
possible, efficient devices realizing hot exciton triplet extraction are yet to
be demonstrated. Meanwhile, TTA method involves a collision between two
triplet excitons. In the process one of the excitons annihilates surrendering its
energy to upconvert the other exciton into a higher lying state. However, as
one exciton is lost for every singlet generated, the maximum internal efficiency
is limited to 25% + 75 %/2 = 62.5 % [23-25].

Triplet-triplet

TADF Hot exciton annihilation

rISC T T+T=S

S rISC S”—(—._” S, TTA
It S N T, S, 'IC IC>< ric _ﬂ

= T, 1T

Ly l _ PH| IC

XX
PHy vSp So vSo

Figure 2: Multiple ways of harvesting "dark" triplet states.

Thermally Activated Delayed Fluorescence

The TADF, on the other hand, can achieve 100 % internal quantum efficiency
(IQE), however small energy difference between lowest lying singlet (S;) and
lowest lying triplet (77) states (AEgt) are required, together with minimized
radiative and non-radiative pathways of triplet state relaxation. The TADF
is deemed as the most promising mechanism therefore this work focuses on
it. Like the name suggest TADF, is a temperature sensitive process, as the
thermal energy is needed to overcome the A Egt barrier, and its main parameter
— reverse intersystem crossing rate (k;ysc) can be expressed in a Boltzmann
distribution relation:
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(1)

AE,
kisc = AGXP{— k;T }

It appears that to achieve efficient reverse intersystem crossing the energy gap
between 57 and T; should not exceed room temperature energy (k7 ~ 25 meV)
by much (usually AEst < 200meV). The lowest singlet and triplet states ener-
gies can be expressed by orbital energy (Fo1,), Coulomb repulsion energy (K)
and exchange energy (J) of two unpaired electrons lying in highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
as defined by formulas (2) and (3) [26,27]:

ESl = Eorb + K+ Jv (2)
ETI = Eorb +K—J (3)

As the singlet and triplet states have the same electron arrangement the en-
ergies Fop, K and J remain the same for both states. However the exchange
energy decreases the energy of triplet state as both unpaired electrons have
the same spin while increasing it for singlet state with opposite spin electrons.
Therefore the triplet state is always of lower energy than the singlet and the
difference is defined by double exchange energy (4):

AEsy = Esy — By = 2. (4)

The exchange energy can be evaluated by equation (5), where the ¢ and
represents the HOMO and LUMO wavefunctions, respectively, e is electron
charge and r1, 79 denotes to electron coordinates:

7= [[ strawioa) ¢ ) otraputrn) drare, )

L — T2

Apparently the exchange energy (in conjunction with AFEgr) depends inversely
on the HOMO-LUMO orbital coupling therefore small overlap of the orbitals is
required to minimize singlet—triplet energy band gap and subsequently increase
kyisc. However, the oscillator strength (f), which is dimensionless property that
defines the probability of absorption and emission of the photon, depends di-
rectly on the same HOMO-LUMO overlap. Therefore high orbital overlap of
HOMO-LUMO will result in efficient fluorescence emission but will prohibit
rISC of triplet states due to high AEgt. On the other hand minimized cou-
pling of HOMO-LUMO will effectively promote excitations from triplet states
to singlet states, however the emission will be suppressed by inefficient ra-
diative decay (k,) and the excitation will be quenched non-radioactively after
several ISC-rISC cycles. It is important to highlight, that in order to achieve
efficient TADF emission the HOMO-LUMO overlap must be tuned to balance
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the contradicting k;isc and k, rates. While other approaches like multiple
resonance effect can be employed to minimize the overlap [28,29], the spatial
separation in donor(D) — acceptor(A) compounds is usually favored. Here the
overlap of HOMO and LUMO orbitals is reduced by sterically hindered spiro
structures [30-32] or separation of the D and A fragments with large, twisted
spacers [33-35].

While rISC values of efficient TADF compounds usually range in 10°—
108s~1, the breakthrough the 7** order of magnitude kyuygc > 107s™! was
recently reported [36,37].

TADF emission from exciplex

Another approach to minimizing the AFgt can be achieved by utilizing exci-
plex emitters [15,38,39]. An exciplex is a bimolecular complex which can be
formed by spatially close excited and ground state molecules. A low energy
gap is easily realized due to the intermolecular nature of charge transfer in
exciplexes as the exchange energy is inversely dependant on the distance be-
tween HOMO and LUMO orbitals (5). This allowed to design highly efficient
exciplex emitters with EQE of up to 20 % [40,41]. However, the TADF prop-
erties and efficiency are strongly dependant on the distance between the donor
and acceptor fragments [42-44]. In dilute solutions the formation of exciplex
is completely diffusion driven and is susceptible to viscosity and concentra-
tion variations, while in solid-state the D and A are locked in uncontrollable
geometries and are sensitive to doping concentrations. The shortcomings of
exciplex design can be dealt with in a controlled manner by bounding D and A
fragments with conjugated [45] or non-conjugated [46,47] spacer in close prox-
imity of several A. High efficiencies up to EQE = 18 % were reported for such
geometries [48].

Understanding TADF mechanism

Initially the minimization of AEgr was the main aspiration in designing ef-
ficient TADF emitters, as the equation (1) suggested it is a direct way of
increasing rISC. It was assumed that rISC happened from lowest triplet charge
transfer state >CT to lowest singlet charge transfer state 'CT. However that
is strictly forbidden, because spin-orbit (SOC) operator acts on both angu-
lar momentum and spin, consequently any change to spin must be followed
by a change in angular momentum [49, 50]. Therefore the SOC is basically
zero between two states with same spatial orbitals and different spins. The
direct transition from 3CT to 'CT can still be mediated by hyperfine coupling
when the the energy-gap between them is low (less than 1 meV) [51], however
it accounts only for a minuscule amount of k;sc and can be neglected [52].
Observations of molecules with similar A Fgt values and vastly different k.jsc
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in different environment suggested that singlet and triplet states are of different
character [53,54], most probably charge transfer 'CT and locally excited *LE.
Moreover Ward et al. [55] showed that by sterically hindering the molecular
core of D—A, the emission can be switched from TADF to RTP.

A novel model backed by experimental [56] and quantum dynamic [52,57,58]
studies proposed that the rISC from 3CT to 'CT is a second order process
(equation (6)) mediated by vibronic coupling of *CT to *LE and SOC of *LE
to !CT state:

v — 2m ("Wer|HsocPUre) CVie|Hab*Yor) 26
rISC — B 5 (SELE — BECT)

(*Ere — 'Ecr) . (6)
here the A is Planck’s constant; 'Wqop, 23U, 3Uer are charge transfer sin-
glet, locally excited triplet and charge transfer triplet wavefunctions respec-
tively; Hsoc and Hyy, are spin-orbit and vibronic coupling Hamiltonians;
6 (*Erg — 'Ect) and 6 (*ELg — *Ecr) are Kronecker deltas of the two equa-
tions. Therefore both energy gaps between *CT-’LE and *LE-'CT play a
crucial role in TADF efficiency and some lability of D-A compound is needed
to facilitate vibronic coupling of *CT and >LE states [52,57,59-61].

The transition from *CT to 'CT state is a two step process. Initially a large
vibronic coupling between *LE and 3CT is necessary to form an equilibrium
between two states on a scale much faster than rISC (reverse internal conversion
rate kyc > kusc). Then a the 3CT is mediated to 'CT via 5LE in a very
efficient way as *CT and 'CT have good overlap and therefore strong vibronic
coupling. A simplified representation of full Hamiltonian model is represented
in Figure 3.

icT Hue 3CT

-,

I
H‘so\ V‘bl SLE

Figure 3: Simplified representation of full Hamiltonian model. The hyperfine
coupling (Hyp) between 'CT and 3CT states is active when the energy gap
between them is very small [51]. Vibronic coupling (Hyi,) between *CT and
3LE is crucial to enable rISC via spin-orbit coupling (Hsoc) from 3LE to 'CT.
Adapted from [59].

Three TADF types can now be discerned (Figure 4): 1) the one discussed
above - lowest triplet state is locally excited 3LE therefore a first step of popu-
lating 2CT is required through rIC and then a second order coupling is realized
through the initial LE state; 2) *LE and *CT are degenerate and 3) where
3CT is initially populated. For the last two types efficient rISC can proceed
through second order coupling without first step [52].
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Figure 4: Three types of TADF mechanisms. Adapted from [52].

Conformational disorder of TADF emitters in solid-state

With availability of time-resolved spectroscopy a strange phenomena was
noted: the emission in solid-state was initially redshifted and then subsequently
blueshifted in the later times producing broadened emission spectra, while the
emission of the same D-A TADF compounds in diluted solutions was sta-
ble [62-66]. What is more, the decay transients in solid-state were elongated
with multiexponential profile prohibiting from approximating the decay lifetime
(Figure 5).
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Figure 5: Conformational disorder effects on TADF time-resolved spectra and
transient decay in solid-state. The red and blue arrows denote to initial redshift
of prompt emission and later blueshift of delayed emission, respectively. The
grey solid line in decay transients is bi-exponential fit of the data.

Meéhes et al. proposed the origin of such gradual shifts is mediated by slowly
shifting CT states of singlet and triplet due to dipole interactions between guest
an hosts [65]. Another explanation, presented in more detail below, by Northey
et al. suggested the conformational disorder in solid state as the origin of the
shifts [67,68].

In order to achieve efficient rISC, separation of HOMO-LUMO orbitals is
important according to equation (5), which is easily achievable by bounding
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donor and acceptor units in orthogonal geometry. However some rotational
flexibility is needed to facilitate vibronic coupling between *CT and *LE states
(6). In dilute solutions the molecules are free to rotate therefore they can relax
to geometry with lowest energy. When embedded in solid-state matrix, on the
other hand, the molecule rotations are impeded by rigid surrounding and they
are frozen at different geometries with dispersion of D—A angles.

The molecules with the most planar structure show largest HOMO-LUMO
overlap. This increases the energy of lowest singlet state (S7) in the process
producing bluest LE type emission due to largest bandgap, also ensuring fastest
k, due to enhanced oscillator strength (Figure 6 leftmost case). The AEgt
however, will be large due to large exchange energy J. On the other hand the
molecules with near orthogonal twist angles, having negligible HOMO-LUMO
overlap, will have their S; band stabilized at lower energies with negligible f
due to the CT nature of Sy — S transition (Figure 6 rightmost case). Such
conformers will have efficient rISC due to small AFEgt gap, yet small k, value.
In solid-state films, we will have a dispersion of conformers with different D-A
angles, therefore different k, and k;jgc rates somewhere in between these two
extreme conditions (Figure 6 case in the center).

0° 0°-90° 90°
IE low rISC
— tuning rISC high rISC
—
3LE BLE — BLE
high f tuning f % low f
So So So

Figure 6: The influence of different diheadral angles between donor and ac-
ceptor units on rISC rate and oscillator strength.

Just after the excitation the most planar conformers with fastest radiative
decay and bluest emission will emit first, followed by conformers with progres-
sively larger twist angles and therefore redshifted emission. The last of prompt
fluorescence will be radiated by most orthogonal conformers. On the other
hand, the delayed emission will be promoted by minimized AFEgt gap of the
most twisted conformers producing the initial delayed emission at the long-
wavelength end of the spectra. The TADF emission will then be blueshifted as
the conformers with larger AFgr undergo rISC. The sum of dispersed k, and
krapr rates will produce multiexponential decay transients.
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EXPERIMENTAL DETAILS

This chapter describes the measurement equipment and methods used to char-
acterise researched compounds in this work.

Quantum chemical simulations

Quantum chemical simulations were used to assess structural and electronic
properties of molecules before financially demanding and labour intensive syn-
thesis of compounds were initiated. The calculations were performed by us-
ing density functional theory (DFT) as implemented in the Gaussian 09 soft-
ware package at the B3LYP/6-31G(d) level [69]. Polarizable Continuum Model
(PCM) was used to estimate the solvation behaviour of toluene surrounding in
geometry optimization. Tomas Serevicius was the mastermind behind simula-

tions used in this work.

Synthesis of compounds

The synthesis of researched molecules in papers [A1l, A3, A4, A5, A6] were
performed by organic chemistry group led by prof. Sigitas TumkevicCius at
Vilnius University. The synthetic details and molecular characterizations are
presented in corresponding papers and their supporting information. The com-
pound 4CzPN in [A3] was synthesized by prof. Vytautas Getautis group at
Kaunas University of Technology according to Uoyama et al. [16]. The donor-
o-acceptor molecules researched in [A 2] were synthesized at Center for Organic
Photonics and Electronics Research (OPERA) group led by Chihaya Adachi at
Kyushu University and are detailed in work by Geng et al. [70].

Preparation of dissolved samples

All measurements in solutions were performed after dissolving compounds in
spectroscopic toluene (Sigma-Aldrich) solvent at concentration 107> M, unless
stated otherwise. Toluene solvent was chosen due to its similar polarity to
popular TADF hosts as CT emission is strongly dependant on media polarity.
All researched molecules displayed relatively good solubility in toluene. A low
concentration of 107 M was chosen to avoid molecule to molecule interactions,
contrary a larger concentration of 1074 M was used in paper [A2] to observe
concentration induced effects in solutions. Measurements were taken in both
oxygen sutured and oxygen deficient environments in quartz cuvettes. Oxygen
removal was achieved by 5 repetitive freeze-pump-thaw cycles using cuvette
with attached Schlenk type valve.
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Preparation of solid—state samples

To restrict molecular liability of the compounds, the samples were impeded
in poly(methylmethacrylate) (PMMA) films. Usually a low doping concen-
tration of 1% was used in order to observe single molecule emission prop-
erties, while a variety of doping concentrations (1-100%) were used in ar-
ticle [A2] to investigate effects of molecular aggregation. In OLED devices
the emissive layer is usually constructed of emitter molecules (guest) incor-
porated into host material, to reduce molecular aggregation induced quench-
ing [71,72]. Photophysical evaluation of samples in different host materials
were performed in this work, generally a commercially available hosts: DPEPO
(Bis[2-(diphenylphosphino)phenyljether oxide), CBP (4,4’-Bis(N-carbazolyl)-
1,1-biphenyl), mCP (1,3-Bis(N-carbazolyl)benzene) and TSPO1 (diphenyl[4-
(triphenylsilyl)phenyl]phosphine oxide) were used, while the optimal concentra-
tions were determined experimentally by performing quantum yield measure-
ments at different concentrations. The host selection was limited to materials
with higher triplet energies than guest material, in order to avoid quenching of
the emitter triplet state [65,73]. Moreover a good exciton transfer from host to
guest is crucial and ambipolar hosts are desired to promote exciton formation
in emitting layer [27,74]. The solid-state samples were prepared by dissolving
the compounds and polymer or host material at appropriate ratios in toluene
or chloroform solutions (45 mg/ml) and when wet—casting or spin—coating for
1min at 1000 rpm on quartz substrates.

To conduct experiments in oxygen-saturated or oxygen—deficient environ-
ments at different temperature, the solid—state samples were mounted in a
closed cycle He cryostat (Cryo Industries 204N). To eliminate oxygen the am-
bient pressure was reduced to 10* torr. For temperature dependant measure-
ments the atmosphere in cryostat was replaced with He and the temperature
was controlled in the range of 10-300 K.

Variation of solvent viscosity

The viscosity of environment in work [A2] was varied by diluting PMMA poly-
mer in toluene at different proportions [35]. Even though PMMA is less polar
media than toluene, the differences are slight enough not to play a major role.
The concentration of polymer was increased from 0 mg/ml to 250 mg/ml to re-
alize surroundings with different viscosity. The change of viscosity was clearly
observed visually, however precise values of viscosity were not measured due to
lack of equipment and having negligible importance for the experiment.
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Steady-state absorption

A photon passing through material has a probability to be absorbed by a
molecule in the process exciting it to a higher state. The probability of ab-
sorption remains the same throughout the sample. The remaining intensity
of incident light at specified depth of material is defined by Beers-Lambert
law [75]:

I =1y x 10°¢, (7)

where [ is light intensity at at depth [ of sample, Iy — initial light intensity, ¢ —
concentration of the sample and € is molar extinction coefficient. The extinction
coefficient is a unique property of material which is strongly dependant on
the photon wavelength and defines its probability of being absorbed. This
dependence is called absorption spectrum.

The absorption spectra in this work were recorded using UV-vis-NIR spec-
trophotometer Lambda 950 (Perkin Elmer) using a reference (pure solvent for
solutions or empty polymer matrix for solid-state). The equipment provides
absorption spectra in optical density (OD) units which are later converted to
extinction coefficient, by using equation (7). The OD is a logarithmic intensity
ratio of the incident light and the light transmited through the sample:

OD=—1g=2. (8)

Photoluminescence measurements

When molecule is excited to a higher state, over time it will decay radiatively
or non-radiatively to its ground state. In the former case a photon of specific
wavelength is emitted. Intensities of emitted photons at specific wavelengths
are called photoluminescence spectra and can be recorded by spectrometer. In
this work, the steady state emission was measured using a CCD spectrometer
PMA-12 (Hamamatsu). The samples were excited using a CW xenon lamp
and a computer controlled monochromator (FWHM < 10nm). The excitation
wavelength was usually selected to be coincident with absorption peak, unless
stated otherwise.

Determining Quantum Yield

The quantum yield (®p) is the ratio between the number of absorbed and
emitted photons and is an intrinsic property of molecule:

B Ph. emitted )
" Ph. absorbed’
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The quantum yields were determined by integrating sphere (Sphere Optics) in
two configuration measurement mode [76]. Two spectra were recorded with
PMA-12 (Hamamatsu) connected via optical fiber to integrating sphere for
each quantum yield measurement: configuration A — with a reference sample
inside integrating sphere and configuration C — with the investigated sample
in the same position. The spectra are divided into to regions L — incident light
region and P — emission region. After integrating the regions in both A and C
configurations we can calculate the observed quantum yield [76]:

P.—P,

(I)obs — )
La - Lc

(10)
To correct for re-absorption a method described in FLS980 Series Reference
Guide by Edinburgh Instruments [77] was employed. A very low concentra-
tion sample emission is measured without integrating sphere to record "true"
emission spectra. The long wavelength tail of this spectra is then matched
with emission spectra tail observed in integrating sphere. The difference in two
areas correspond to re-absorbed area a,.q.p. Then the "true" quantum yield &g

can be determined:
(I)obs

dp = .
1- Qreab T+ Greab * (I)obs

(1)

Time-resolved spectroscopy

Time-resolved fluorescence spectra, fluorescence decay transients and phospho-
rescence spectra were obtained by time-gated intensified CCD camera iStar
DH340T (Andor) with a spectrograph SR-303i (Shamrock). The camera is
synchronized with nanosecond YAG:Nd?" laser NT 242 with an optical para-
metric generator (Ekspla, pulse duration 7ns) used to excite the samples. The
synchronization of laser and camera allow us to integrate the emission spec-
tra for desired duration (integration time) (from 2ns to 10s with resolution of
10ps) at a specified time after sample excitation (delay) (resolution 10 ps).
Time-resolved fluorescence spectra were recorded by exponentially increas-
ing the delay and integration time of gated iCCD camera [78], which allow
us to detect up to 10 orders of magnitude in time and intensity. The time
and intensity value correction is then performed according to integration times
using software package Matlab. The fluorescence decay transients can be ac-
quired by integrating emission spectra at wavelength range specific for desired
emission peak and approximated by bi—exponential decay profiles (if possible).
For measurements of phosphorescence spectra the samples were cooled to 10 K
temperature in order to suppress riSC and observe triplet emission. The low
temperature of 10 K was chosen as some thermally activated emission is still
observable for the most efficient TADF emitters at higher temperatures. Phos-
phorescence spectra were usually recorded after a 100 ps delay with a 89ms
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integration time. A low energy laser fluence (20-200nJ) was generally used
in order to minimize the degradation of studied compounds. The repetition
rate of laser was selected in range from 10 Hz to 1 kHz individually for different
samples according to the delay of their latest detectable emission.

Characterising TADF emitters

Energy gap A Egr between lowest singlet state (S1) and lowest triplet state (77)
was assessed by determining energies associated with each state from the onset
of fluorescence and phosphorescence spectra respectively. The onset energy of
emission was used instead of peak as the charge transfer (CT) state, which is
dominant in donor-acceptor emitters, is broad and structureless [75]. While
the phosphorescence usually originates from ®LE state and vibronic structure
is often exposed, the energy level of triplet can then be assessed form the peak
of the 0-0 transition. If vibronic structure is missing, the energy is determined
from onset of emission.

Another important parameter of TADF emitters valuable for determining
kysc and ®ygc is the ratio between delayed ®pr and prompt emissions Ppp.
A simple way of determining this factor is based on the observation that long
living triplet states are strongly quenched by molecular oxygen whose ground
state is also triplet 3O2 [79,80]. As the DF portion of emission is long-lived and
originates from these same triplet states, it is usually suppressed in the pres-
ence of oxygen. Therefore the integrated steady-state emission in oxygen-rich
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Figure 7: An example of typical decay transients of TADF emitter in the
absence of ambient oxygen. The dark orange diamonds represent integrated
emission from time-resolved spectra at specific time delays. The data can be
partitioned into prompt (purple) and delayed (blue) portions which both can
be fitted by exponential decay profiles.
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environment will correspond to ®pp, while in oxygen-deficient conditions the
same region of steady-state emission will be supplemented by excited states,
upconverted from triplet state, leading to integral value of Ppp+Ppp. It is easy
to calculate ®pp/Ppr ratio by assessing steady-state emission integrals in both
air-equilibrated and degassed conditions, however this method was avoided in
this work due to several reasons. First of all, the rISC of the best TADF emit-
ters can sometimes outperform quenching by molecular oxygen while extremely
long-lived fluorescence can also be effectively quenched by it [81,82]. Moreover
some hosts have low oxygen permeability resulting in reduced quenching even
in oxygen-rich surrounding.

Another approach of evaluating ®pr/Ppr includes analyzing decay kinetics
in oxygen-deficient surroundings. In typical TADF decay transient two regions
can be discerned: the initial PF and slower DF (Figure 7). Both of these regions
can be fitted by individual exponents whose sum approximates the whole decay
kinetic:

IFL(t) = APFe_t/TPF + ADFE_t/TDF . (12)

Then the ratio ®pr/Ppr can then be evaluated either by using parameters of
the fitted decay transients or by integrating PF and DF regions of kinetics [27]:

AprTp

Ppp/Ppp = # ~ /IDF(t) dt//IpF(t) dt. (13)
PFTPF

The estimation of reverse intersystem crossing rate is of extreme importance

as it is one of the main parameter determining the efficiency of TADF pro-

cess (Figure 8). kysc can be determined by using prompt, delayed and rISC
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Figure 8: Visualization of competing processes in TADF emitter.

efficiencies and lifetime of delayed emission from the relationship [27]:

D, [ (0]
A ISC ( PF + DF> . (14)
TDF Ppp

The efficiencies pr and Ppp are estimated from decay transient proportions
depicted in Figure 7 and absolute quantum yield, while 7pp is estimated by
fitting the slow component of decay transient. The rISC efficiency can be
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approximated to ®sc ~ 1 in case of ®pp/Ppr > 4, as such high DF/PF
ratios mean that k;isc is the dominant decay pathway for triplet states, which
simplifies equation (14) greatly [27]. However in case the DF/PF ratio is lower
than 4, ®,15¢c must be evaluated by:

Opr

_— 15
Prdrsc (15)

Qrisc =

Two concurring non-radiative decay pathways of singlet state (51) are: deac-

tivation through vibrations of molecular core or intersystem crossing to triplet

state (Figure 8). If compounds exhibit similar non-radiative decay rates in

both loose and rigid environments of dilute solution and polymer matrix, re-

spectively, the former can be neglected, making the ISC the dominant pathway:.
Its efficiency can then be defined by [83]:

Prgc =1 — Pp. (16)

In case of an active non-radiative quenching of singlet states by vibrations the
ISC efficiency should be evaluated by [84]:

1 Ppr
TDF = TPH — —1|mpu—, 17
DF PH <(I’ISC ) PH Dpp (17)

here 7py — is lifetime of phosphorescence when the rISC is not active. It is
determined by exponentially fitting low temperature (10K) decay transient of
phosphorescence spectra.

The ISC rate is then determined by:

[}
kisc = —2 (18)
TPF

while the non-radiative decay rates for singlet and triplet states are estimated
according to [27,83]:

1
kS, = — — (ke + kisc) , (19)
TPF
ke
ki = =25 — kasc. (20)
D150

Another approach to evaluate k;sc by kinetic modeling of transient pho-
toluminescence was suggested by Hasse et al. [85]. Here a TADF model is
simplified to one mixed triplet state (T;) while phosphorescence and non—
radiative pathways are ignored (equivalent to ®,55¢ ~ 1). Then the model can
be described by linear differential equations:

27



d[51]
dt
d[Ty]
dt

= —(kp + kisc)[S1] + kusc[T1],

= kisc[S1] — kusc[Th]- (21)

The initial singlet [S1], (¢ = 0) state is depleted by radiative decay (k) and
intersystem crossing to triplet states (kisc) and is populatetd by the upcon-
verted triplet states via TADF (kysc). Meanwhile the initial triplet state is
[T1] = 0, (t = 0) repleted by intersystem crossing from singlet states (kigc) and
depleted by rISC to singlet state (k;sc) (Figure 8). By numerically modeling
these equations the specific values of kp, kisc, kiisc can be estimated without
partitioning the decay transients into regions of prompt and delayed emissions.
Using this method the triplet population at any given moment can also be
evaluated.

Production and characterization of OLED devices

The OLED devices were fabricated on precleaned indium-tin oxide (ITO)-
coated glass substrates. The small-molecule and cathode layers were thermally
evaporated using vacuum evaporation apparatus (Vacuum Systems and Tech-
nologies Ltd) at < 6 x 10~% Torr pressure and deposition rate of about 1 A/s.
OLED devices were encapsulated with a clear glass cover to prevent the inter-
action with ambient.

A typical device structure of OLEDs produced in papers [A4, A5, A6] was:
indium tin oxide (ITO)/ 1,1-bis[(di-4-tolylamino)phenyl]-cyclohexane (TAPC)
(30nm)/ 4,4’,47-tri(N-carbazolyl)triphenylamine (TCTA) (5nm)/ (10wt%)
TADF  emitter:DPEPO  (bis(2-(diphenylphosphino)phenyl) ether oxide)
(15nm)/ 1,3,5-tri(m-pyridin-3-yl-phenyl)benzene (TmPyPB) (65 nm)/lithium
fluoride (LiF) (0.8nm)/Al (100nm). Though exact layer arrangement and
thickness varies for specific devices and will be specified individually. ITO
and Al acted as anode and cathode, the TCTA and TAPC were used as
hole injection and transport layers, respectively, while LiF with TmPyPB as
electron injection and transport layers, respectively.

Device current-voltage (I-V) characteristics and electroluminescence prop-
erties were measured using calibrated integrating sphere (Orb Optronics) and
CCD spectrometer PMA-11 (Hamamatsu), powered by 2601A power supply
unit (Keithley) The production and charachterization of OLED devices were
performed by Dovydas Banevicius.
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1. CONFORMATIONAL DISORDER IN DONOR-ACCEPTOR
TADF MOLECULES

In this chapter, the results of papers [A1l, A3], discussing the impact of con-
formational disorder in solid-state and suggesting two different strategies for
minimizing its effects, are presented.

Motivation

In one of the most widely used TADF emitter architecture, fast rISC is achieved
by sterically fixing electron-donor and electron-acceptor moieties at near or-
thogonal angles, ensuring small singlet—triplet energy splitting and minimiza-
tion of non-radiative effects [86,87]. However, the efficient rISC also requires vi-
bronic coupling between *LE and CT states, which usually is achieved through
torsion of D—A angle [52,57,59-61]. When embedded in solid-state host, the
lability of molecular core translates into dispersion of conformers — molecules
frozen with a variety of different angles between donor and acceptor — possess-
ing different prompt and TADF emission properties [55,66,67]. It was noticed
that dispersion of 'CT and AEgr energies due to different D-A angles lead to
temporal spectral shifts of prompt and delayed emission as well as prolonged
and multi-exponential decay profiles [62,65,68,88]. This translates into several
undesirable effects: the broadening of emission spectra due to spectral shifts,
which is contrary to the desire of pure color OLED’s, and roll-off of device
performance at higher currents as longer decay times allows quenching of exci-
tons by triplet-triplet (TTA), singlet-triplet (STA) and other annihilations [89).
Despite its influence on crucial TADF parameters, the conformational disorder
effects are still scarcely studied. In this chapter, the effects of molecular rigidity
and rISC rate on conformational disorder in solid state are investigated.

1.1. The effects of conformational disorder on molecules with different rigidity

To emphasize the role of molecular core rigidity two typical donor-acceptor
compounds were selected displaying similar photophysical properties in di-
lute solutions but completely different molecular structures, geometries and
stiffness. The 4,6-Bis(2-methyl-4-(10H-phenothiazin-10-yl)phenyl)pyrimidine
(PTZ-mPYR) comprises of diphenyl-pyrimidine (PYR) acceptor unit and
two phenothiazine (PTZ) donor fragments with non-planar geometry. While
1,2,3,4-tetrakis(carbazol-9-yl)-5,6-dicyanobenzene (4CzPN) is composed of di-
cyanophenyl acceptor decorated with four adjacent carbazole (Cbz) donor units
(Figure 1.1). Both investigated molecules utilize a single bond to link donor
and acceptor fragments which provides a rotational freedom.
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Figure 1.1: Molecular structures of two TADF emitters investigated in this
work with completely different molecular structures, yet exhibiting similar
emission properties in dilute solutions.

The optimized geometries (by DFT calculations) revealed that the phenoth-
iazine moiety in the PTZ-mPYR compound is almost perpendicular (88.9°)
to the phenyl fragment. Moreover the PTZ units are also bent along the C-
N bonds [90] allowing a larger rotational flexibility compared to planar donor
moieties [91]. For 4CzPN the donor carbazole units are twisted by 62-67° in
respect to central phenyl ring. Tight spatial crowding of carbazole units lead
to large steric hindrance and rigidity of molecular core. Here the molecular
rigidity is defined as the rotational stiffness of angle between donor and accep-
tor units, therefore flexible molecules will have a large D—A angle dispersion,
while the rigid ones will have a small dispersion.

The flexibility of PTZ-mPYR together with steric hindrance of 4CzPN
was supported by estimating vibrational frequencies of the lowest vibrational
modes in the harmonic approach in ground state. For PTZ-mPYR the lowest
vibrational mode was the twisting motion of donor unit at only 6 cm~?, while
the same motion in 4CzPN was represented by higher vibration mode at
45cm~! due to the steric hindrance between donor units. Supposedly, larger
energetic barriers for the twisting motion of donor units should result in lower
AFEgr dispersion and lower conformational disorder in solid-state [92,93].

It should be stressed that despite completely different molecular structures
both PTZ-mPYR and 4CzPN demonstrate very similar emissions peaking
at 535 and 525 nm, respectively (Figure 1.2). Even the decay times are com-
parable, with prompt fluorescence decay lifetime of 10 and 14 ns and delayed
fluorescence lifetimes of 11 and 15.5 ps for PTZ-mPYR and 4CzPN, respec-
tively (Figure 1.4). While AEgt were also comparable with values of 25 and
10meV for PTZ-mPYR and 4CzPN respectively, the quantum yields of
prompt and delayed emission decreased for PTZ-mPYR (0.04 and 0.04 wvs.
0.09 and 0.61, respectively) as the more flexible core promoted non-radiative
decay through internal conversion.

Despite comparable photophysical properties in diluted solutions substan-
tial differences between PTZ-mPYR and 4CzPN were observed when em-
bedded in 1 wt% PMMA solid films. First of all, the quantum yield of delayed
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Figure 1.2: Emission of PTZ-mPYR and 4CzPN in 10~° M toluene solu-
tion, with decay lifetimes and spectra FWHM depicted inset.

component (Ppr) increased drastically from 0.04 to 0.32 in rigid surrounding
for PTZ-mPYR while it remained relatively the same (0.61 and 0.54) for
the 4CzPN. The increase in emission yield was determined by restriction of
molecular movement, which in turn minimized the decay through internal con-
version. Secondly, both materials exhibited temporary spectral shifts inherent
to conformational disorder in solid state. The initial red shift of prompt emis-
sion was observed for the first 100 ns as the fluorescence wavelength stabilised
up to 10 ps, then a blueshift of delayed emission was observed (Figure 1.3a).

Obvious differences of spectral shifts were observed for PTZ-mPYR and
4CzPN. At first, the PTZ-mPYR prompt emission is redshifted by about
340 meV indicating a large distribution of *CT energies, followed by blueshift of
80 meV. The smaller blueshift of delayed emission, compared to initial redshift,
is a consequence of wide variety of AFEgr energies, as the highest energy states
possesses low kyisc, susceptible to quenching by various quenchers even in
the oxygen-free environment. As the latest, bluest, delayed fluorescence is
quenched, the integrated delayed emission experiences a redshift (Figure 1.3b)
compared to integrated prompt fluorescence. Meanwhile, the rigid 4CzPN has
a superior emission wavelength stability as the redshift and blueshift for the
4CzPN are both 100 meV, therefore all conformers with dispersed properties
are emissive and both integrated prompt and delayed fluorescence share the
same spectra (Figure 1.3b).

The advantage of small dispersion of !CT energies are apparent in time inte-
grated spectra of oxygen-deficient (—O,) and oxygen-rich (+0,) 1 wt% PMMA
films (Figure 1.3 b and c¢). As the oxygen is introduced it quenches more of
the latest delayed states with higher AEgt values leading to a redshift of inte-
grated delayed emission. However the emission peak is blueshifted by 150 meV
as prompt emission from a wide dispersion of 'CT states dominates over the
long-wavelenght delayed emission. On the other hand, the emission wavelength
of 4CzPN is stable in both conditions, due to low dispersion of conformations,
as the latest delayed fluorescence originates from similar conformer states with
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Figure 1.3: a) Time resolved spectra of PTZ-mPYR and 4CzPN indi-
cating the initial redshift and following blueshift by arrows; b) corresponding
time-integrated prompt fluorescence (TIPF) and time-integrated delayed flu-
orescence (TIDF) spectra with and c) time-integrated spectra of emission in
oxygen-rich (+0,) and oxygen-free (-O,) environments with peak emission
wavelength marked by dashed lines.

rather low AEgt and rapid kisc, even in the oxygen-saturated ambient. It
is important to note here, that the emission wavelength can be influenced by
such unexpected parameters as TADF lifetime.

A small, conformational disorder led, dispersion of 'CT energies in solid
state, for compound 4CzPN, is confirmed by only a slight increase of FWHM
of emission spectra from 370 meV in toluene solution to 400 meV in both oxygen-
rich and oxygen-free PMMA films. Meanwhile, for flexible cored PTZ-mPYR,
a 15 % increase from 400 meV in toluene solution to 460 meV in oxygen-deficient
PMMA films was recorded. The widening of emission spectra is initiated by
large dispersion of *CT energies and quenching of the latest emission. The
effect is exaggerated in oxygen-saturated ambient where even more of delayed
emission is quenched, leading to FWHM increase of 46 % from —O, to +0O, in
PMMA films (460 and 670 meV, respectively).

The presence of conformational disorder and lower polarity of solid PMMA
surrounding increased A Egr, which represents the average gap of all conform-
ers, for both PTZ-mPYR and 4CzPN compared to toluene solutions (from
25meV to 187meV and from 10 meV to 140 meV, respectively).
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Figure 1.4: Fluorescence transients of PTZ-mPYR and 4CzPN compared
in oxygen-saturated 40, and oxygen-deficient —O5 1 wt% PMMA films (on the
left). On the right: transients of same compounds in 107° M toluene solution
and 1wt% PMMA film in oxygen-deficient ambient.

Major influence of molecular rigidity is revealed in decay transients of
flexible and rigid core compounds in toluene solutions and oxygen-deficient,
oxygen-rich 1 wt% PMMA films (Figure 1.4). Presence of conformational dis-
order results in large dispersion of AFEgr values and in turn — large disper-
sion of decay lifetimes. The sum of all conformations produce prolonged and
multi-exponential TADF decay kinetics in solid surroundings with the effect
remarkably stronger for flexible PTZ-mPYR molecule. Strong enhancement
of delayed emission is observed with removal of oxygen for flexible molecule
PTZ-mPYR (DF/PF ratio increase from 0.26 to 11.8 was recorded) as the
long living triplet states (longer than 10ps) are easily quenched by oxygen
(Figure 1.4a). Meanwhile, the rapid k;sc, even for conformers with highest
AFEgr, of rigid 4CzPN compound ensures that most of delayed emission is
unquenched, resulting in only a slight increase of DF/PF (from 5.95 to 8.65)
when oxygen is removed (Figure 1.4b).

In an ideal case, similar properties of emission should be observed in dilute
solutions and solid-state, as was shown by 4CzPN, where only a minor de-
crease of TADF lifetime in PMMA films was attributed to increased polarity of
PMMA (Figure 1.4d). The small disorder allowed to estimate the average decay
lifetime with a three-exponential fit for 4CzPN, while multi-exponential na-
ture of PTZ-mPYR decay prevented the approximation of decay component
(Figure 1.4c). A modest, three fold, increase of TADF lifetime was estimated
for 4CzPN from 15.5 ps to 46 ps which is favorable as low TADF decay life-
time ensures lower EQE roll-off of OLED. While it was hard to estimate the
TADF lifetime for flexible PTZ-mPYR a large increase of a lifetime is ap-
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parent visually (Figure 1.4c) and is supported by a 40 fold increase of DF /PF
ratio.

Here it was shown, that TADF emitter with a rigid molecular core can
benefit from reduced conformational disorder effects in solid-state. Moreover,
a faster rISC rate should prevent the quenching of the latest, bluest delayed

emission.

1.2. Two strategies for minimizing the disorder

To test or findings in a more similar molecular structures, another series based
on pyrimidine acceptor were designed (Figure 1.5). To reduce lability of the

) Q PXZPYR Qo S /@ PTZ-mPYRCI Qs
sasWspclonsiVsne

Nx N \'/

Cl

Figure 1.5: Molecular structures of PXZ-PYR and PTZ-mPYRCI.

donor unit, phenothiazine (PTZ) donor was exchanged for more sterically fixed
planar phenoxazine (PXZ) donor [94, 95] in PXZ-PYR compound (Figure
1.6a). While the Cl atom was introduced to pyrimidine acceptor of PTZ-
mPYR to utilize heavy atom effect [96], increasing the ISC and, in conjunction,
rISC rates in PTZ-mPYRCI.

Despite the different donors of PTZ-mPYR and PXZ-PYR, both com-
pounds showed relatively similar emission wavelength in toluene. Though
prompt (®Ppr) and delayed (Ppr) efficiencies were lower for more loosely con-
strained PTZ-mPYR(0.04 and 0.04 vs. 0.15 and 0.27 for PTZ-mPYR and
PXZ-PYR, respectively), together with slower TADF decay (11 and 1.6 ps,
respectively.).

It is apparent from time-resolved measurements (Figure 1.6b), that the
PXZ-PYR follows the same trend when initial redshift of 160 meV is fol-
lowed by a blueshift of 100 meV. However the temporal shifts are remarkably
lower compared with more sterically strained PTZ-mPYR. Even though the
blueshift is not equal to the initial redshift for PXZ-PYR (specifying that
a portion of the latest delayed emission is still quenched) the difference is re-
markably lower and therefore the emission wavelength remained stable in both
oxygen-deficient and oxygen-rich surrounding. The more rigid structure of
PXZ-PYR clearly benefited from lower TADF lifetime enhancement (Figure
1.6 ¢). Even though its hard to approximate the exact delayed fluorescence
lifetimes due to prolonged decay, a lower (33 %) increase in DF /PF ratio indi-
cates a low TADF lifetime enhancement. It is again confirmed, that prosperous
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Figure 1.6: a) Optimized geometries of compounds PTZ-mPYR and PXZ-
PYR, with twist angle of D-A highlighted. b) Time-resolved spectra of both
compounds with temporal spectral shifts marked by red and blue arrows. c)
Decay transients in oxygen-free toluene and PMMA ambients.

TADF properties in solid-state can be gained by constructing more rigid molec-
ular core due to minimization of conformational disorder.

The second strategy of improving rISC rate to evade conformational dis-
order also showed promising results. The introduction of Cl atom in PTZ-
mPYRCI redshifted the emission peak by 170meV up to 575nm in dilute
toluene solutions, while AFgr remained relatively similar (a known effect of
heavy atom [96,97]). Time-integrated measurements revealed that the emis-
sion energy of compound with Cl atom remained unchanged in oxygenated and
oxygen-free environments (Figure 1.7b). Time-resolved spectra analysis showed
that emission of PTZ-mPYRCI sustains a redshift of 280 meV followed by a
comparable blueshift of 130 meV in —O, conditions (and 80 meV in the presence
of oxygen) (Figure 1.7d). Even though the blueshift is not equal to the initial
redshift, as it was in the case of 4CzPN, it is enough to sustain stable emission
wavelength.

To investigate the reason behind stable emission, decay transients were
analyzed in dilute solutions (Figure 1.7c). The TADF decay lifetime was 10
times smaller for compound with Cl atom (11 and 1.1 ps, respectively). Such
short TADF lifetime is comparable to benchmark values [98]. An increase in
lifetime was followed by a 4 fold increase in DF /PF ratio (1.2 vs. 0.3) despite
the similar AEgt allowing the TADF to dominate emission. The improvement
of TADF properties was mediated by internal heavy atom effect, enhancing
spin-orbit coupling, crucial for ISC and rISC.

The decay kinetics in PMMA film (Figure 1.7¢) are similar to those in dilute
solution, thought the delayed transients are prolongued and multiexponential
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same compounds. Decay transients of compounds in 107° M toluene solution
(e) and in PMMA films (f).

due to presence of conformational disorder. Even though the decay lifetime can
hardly be evaluated, it is clear that PTZ-mPYRCI possess a faster TADF. As
both materials contain donor units which can freely rotate, the conformational
disorder effects are overwhelming, however reduction of k,1gc allowed for the
conformers with largest AFgt to emit, stabilizing emission wavelength and
shortening TADF lifetime.

Therefore minimizing the rISC rate serves as another measure to counteract
some of the negative effects caused by conformational disorder.

Summary of the results

Multiple unfavorable effects on solid-state TADF properties were observed for
compound PTZ-mPYR with flexible molecular core. A large dispersion of
torsion angles between D—A produced conformers with large A Egt energies in
solid-state, prolonging TADF lifetime. The long lifetimes can hardly be ap-
proximated due to the multiexponential nature and is usually a cause of large
efficiency roll-offs in OLED devices. Moreover, the conformers with slowest
rISC rates were quenched even in oxygen-free ambient resulting in emission
wavelength shift and broadening of spectra in solid state. All of these draw-
backs were minimized by selecting a molecule with sterically hindered donor
fragments (4CzPN and PXZ-PYR). Minor dispersion of AFgr energies led
to stable emission color and only a slight increase of TADF lifetime in solid-
state, compared to that in a dilute solution. Similar effect of stabilising emission
wavelength can be achieved by enhancing rISC rate in compound with same
molecular lability.
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2. BOUNDING DONOR AND ACCEPTOR BY
HYPERCONJUGATED BRIDGE

This chapter summarizes the research published in paper [A2] and presents a
deeper insight in intricate photophysical properties of several D-c-A compounds
initially studied by Geng et al. [70].

Motivation

While decoupling of HOMO and LUMO is commonly accomplished by twist-
ing donor and acceptor fragments in single molecule, it can also be realized
by breaking the bond between D an A moieties and relying on intermolec-
ular charge transfer in exciplex [40]. The TADF properties, in this case, is
strongly dependant on distance between D and A, which can hardly be con-
trolled [42-44]. Recently, Geng et al. [70] suggested a novel strategy to utilize
hyperconjugated bridge to bound donor and acceptor in a non-conjugated con-
trolled manner. Hyperconjugation, first introduced by Mulliken et al. [99],
describes interaction of electrons in o orbital with an adjacent n—orbital pro-
viding somewhat weak electron delocalization between them [100,101]. It was
utilized, when several donor units were bound to triazine acceptor fragment
by hexafluoroisopropylidene spacer unit [70]. The compounds displayed in-
termolecular charge transfer emission with negligible AEgp. DFT-estimated
oscillator strengths were very low (in the range of 0.0008-0.0054), typical for
weakly interacting donor and acceptor systems. Two TADF decays were ob-
served, one of which was very rapid with lifetime of only 200-400ns which is
one of the lowest reported [102].

In this chapter, time-resolved spectroscopy is exploited, to gain deeper
insight into intriguing properties of D—-c—A compounds. Analysis of these
molecules in various concentrations, temperatures and solution viscosities re-

vealed the origin of dual emission.

Figure 2.1: Molecular structures of D-c-A compounds presented in [70] and
investigated in this work.

Three TADF donor-c-acceptor compounds were studied (Figure 2.1). All
molecules contain planar triphenyltriazine acceptor bounded to donors of differ-
ent strength: 1 - dihydroacridine, 2- tetramethylcarbazole, 3 - triphenylamine
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by hexafluoroisopropylidine ¢ bridge.

2.1. Excited state relaxation of D-o—A in diluted solutions

The decay transients in oxygen deficient toluene followed bi-exponential decay
profiles (Figure 2.2). The first decay component had a lifetime in the range of
37-470ns (7p11) while the lifetime of second component was 0.45-10 ps (7pr2).
Both of these decays were quenched by oxygen. Initially [70], this, along with
activation by temperature, was used to evidence that both states are thermally
activated delayed fluorescence. The TADF emission lifetime should become
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Figure 2.2: Decay transients of molecules 1-3 in 1.2 x 107> M toluene solution
in the presence and absence of oxygen.

more rapid with reduced AEgt as the rISC rate is directly dependant on the
gap. However, an opposite trend can be seen from the table 2.1 for 7pr;. The
lifetime of first fluorescence is decreasing as the A Fgr increases, but is smaller
for larger oscillator strength (f). This is expected for prompt fluorescence - the
molecules with the strongest donor and largest HOMO-LUMO decoupling has
the longest decay lifetime and vice-versa. On the other hand, the decay lifetime
of the second fluorescence 7gr2 (4.5, 10 and 0.45 ps) increases with increasing
AFEgt (60, 70 and 180 meV for compounds 1 and 2, which is inline with TADF
emission. The small lifetime 7pr2 of compound 3 can be explained by vastly
larger AFEgr, which makes TADF emission very weak. Moreover the DF/PF
ratios are also inline with the energy gap AEgr, if we consider FL1 as prompt
fluorescence and FL2 as delayed emission.

The increase of 7pr; in low temperatures was used as a proof of TADF
nature for initial decay [70]. However, the low temperature measurements were
carried out in toluene solutions, above toluene freezing point, and the variation
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Table 2.1: Emission properties of D-c-A compounds in oxygen-free
1.2 x 10~° M toluene solution.

TFL (HS) TTADF (pS) DF/PF f AEST (meV)

470 4.5 0.03 0.0008 60
250 10 0.015  0.0012 70
3 37 0.45 0.002  0.0054 180

of non-radiative recombination rate was not neglected. Contrary, after per-
forming temperature dependence measurements in rigid PMMA matrix where
non-radiative pathways are mostly impeded — no temperature activation was
observed.

All the evidence are implying that the first emission 7gy,; is prompt fluores-
cence and the second emission 7gro is of TADF nature. The long decay times
of 7pr,1 and susceptibility to quenching by oxygen are not typical for prompt
emission. However the minuscule oscillator strengths prolongs the fluorescence
lifetime enough to be quenched by oxygen [103,104].

2.2. Dual emission in solutions

Even though a single emission band was observed in time-integrated spectra,
time-resolved analyses revealed a more complex picture.
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Figure 2.3: Time resolved spectra of compounds 1-3 in oxygen free toluene
at concentraion of 1.2 x 107 M. The numbers denote to initial and last delay
times.

Two different CT bands can be depicted at different time scales in figure
39



2.3. The initial CT fluorescence band 'CT, is observed at about 445-465nm
up to about 4, 2 and 0.5ps for compounds 1-3, respectively. Then later, a
second 'CT 5 band emerges at 475-505nm. Though a clear second band is
observed only at later times, a long-wavelength shoulder is visible at all delay
times, suggesting that the 1CT2 is present from the beginning, however it is
overwhelmed by a stronger *CT, emission.

While both bands are clearly CT emission, as the peak wavelength depends
on the strength of donor (the emission is redshifted with stronger donors), the
nature of second band is not clear. Several possibilities can be considered:
dynamic molecular conformer states, emerging after reorganization of molec-
ular structure [105], or diffusion led, intermolecular interaction of donor and
acceptor units [40].
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Figure 2.4: Decay transients of compound 1 in oxygen-free: a) toluene solu-
tions of different viscosity (the viscosity was increased by introducing PMMA
polymer at different concentrations); b) toluene solutions at different concen-
trations of 1.2 x 107° and 10~* M.

The nature of the second 1CT2 component was investigated by obtaining
fluorescence decay transients in toluene solutions with varied viscosity (Figure
2.4a). The increased ambient viscosity reduced the 7gp, slightly from 470 to
280 ns, which can be attributed to impeded non-radiative decay. However, the
TADF emission was almost completely suppressed in viscous solution, reducing
DF /PF ratio from 0.15 to 0.003 (measured at peak wavelength of *CT,, band).

Moreover, the decay kinetics of compound 1 in different concentrations of
1.2 x 1075 and 10~* M of toluene solution were compared (Figure 2.4b). While
the prompt fluorescence remained relatively the same, the TADF part was
clearly enhanced as the DF /PF ratio increased from 0.18 in lower concentration
to 0.49 in higher concentration. The emission wavelength was also shifted from
475 to 485 nm for increased concentration as the fraction of 'CT, increased.

Strong dependence on the concentration and viscosity suggest that the pro-
cess in question is diffusion determined, therefore the nature of the second band
was attributed to delayed fluorescence from exciplex. Formation of dimers was
neglected as were no changes present in absorption spectra.
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2.3. Emission origin in solid state

To fully quench the exciplex emission the compounds were incorporated into
rigid PMMA polymer matrix, where diffusion is suppressed. Emission from
isolated molecules were ensured by low concentration of 1 wt%.
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Figure 2.5: a) Integrated fluorescence spectra; b) decay transients; ¢) time-
resolved spectra of compounds 1-3 in oxygen deficient 1 wt% PMMA films.

The fluorescence spectra, as in dilute solutions, exhibited intramolecular CT
emission which peaked at 460, 455 and 445 ns for compounds 1-3, respectively
(Figure 2.5a). The decay transients in thin films were also similar to those
in dilute solutions with bi-exponential decay profile, however they were greatly
disfigured due to the presence of conformational disorder (Figure 2.5b). Though
approximating the decay lifetimes was obstructed by multiexponential profile,
the same pattern as for diluted solutions were observed for prompt fluorescence
— its lifetime increased with increasing donor strength. The prompt fluorescence
was also unaffected by low temperatures as expected for prompt emission. The
second component was quenched by oxygen and was activated by temperature
therefore was attributed to TADF. The DF /PF ratios of 1.08, 0.92 and 0.6 for
compounds 1-3, respectively, showed increased intensity of TADF emission,
due to impeded non-radiative decay in rigid surrounding.

Large temporal shifts, discussed in the previous chapter, are observed in
time-resolved spectra of PMMA films (Figure 2.5¢). The smallest redshift
was observed for the 2 compound as it possess the most sterically hindered
tetramethyl-carbazole donor unit. As expected, the 1CT2 band was absent
in thin films — confirming their exciplex nature. As the non-radiative decay
and diffusion are suppressed in rigid polymer matrix, both prompt and delayed

emissions originate from the same intramolecular charge transfer state.
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To thoroughly investigate the exciplex emission, neat films of compounds
1-3 were analyzed. The fluorescence spectra were of charge transfer nature,
but redshifted by about 140-200 meV compared to both thin films and dilute
solutions, peaking at 495, 482 and 470 nm for compounds 1-3, respectively.
The redshift is not unusual in neat films and is mainly caused by intermolec-
ular interactions [106-109]. In our case, the integrated fluorescence spectra of
neat film almost perfectly coincides with 'CT, band observed in toluene solu-
tion and, therefore, is attributed to exciplex formation (Figure 2.6 a,b and c).
Unsurprisingly, the exciplex emission dominates in tightly-packed molecular

environment of in neat film.
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Figure 2.6: Integrated emission spectra (a-c) and decay transients (d-f) of
compounds 1-3 in neat film, 1.2 x 10~° M toluene solution and 1wt% PMMA
film. Time resolved spectra of *CT, state in toluene solution is also presented
in (a-c).

The decay transients of compounds 1-3 in neat films are depicted in fig-
ures 2.6 d, e, and f along the decay kinetics in 1.2 x 107° M toluene solutions
and 1wt% PMMA film. Interestingly, the initial prompt fluorescence closely
resembles the decay kinetic in thin film (except compound 3) — lowered g1, per-
turbed by conformational disorder is observed. Meanwhile, the second (TADF)
component is very similar to that of the dilute solution. It is not disturbed by
conformational disorder and even shows comparable decay lifetime, supporting
There was no TADF
emission present in compound 3, as the weak delayed fluorescence, observed in

the assumption that they both arise from exciplexes.

toluene solutions, was probably quenched at defect sites. The TADF emission
in neat films was greatly enhanced compared to toluene solution due to large
concentration of TADF-active exciplex states with DF/PF ratios of 1.63 and
1.44 for compounds 1 and 2, respectively. The TADF nature of the second
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component was also confirmed by activation with temperature.

2.4. Optimization of intra/intermolecular TADF

As intramolecular TADF emission is dominant in diluted films and intermolec-
ular TADF fluorescence is prevailing in neat films — a gradual interplay of
these processes was observed by tuning the doping concentration (in the range
0.01-100 wt%) of PMMA films. Figure 2.7a shows how the peak wavelength
shifts as the balance of intra-intermolecular TADF is shifted. At low doping
concentrations (0.01-2wt%) (when no intermolecular interactions can occur)
the emission peaked at 460 nm, similarly to 1CT1 emission. The wavelength is
redshifted in toluene solution due to the larger ambient dipole moment. The
emission wavelength peak gradually increased up to 490 nm at 30 wt%, as the
portion of exciplex state rises. In the range 30-100 wt% the emission wave-
length remains stable as the exciplex emission is dominant.
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Figure 2.7: a) Integrated emission wavelength peak of compound 1 at dif-
ferent doping concentrations in PMMA film. Horizontal lines denote to 1CT1
and 'CT, peak wavelengths. b) Normalized fluorescence decay transients of
compound 1 in PMMA at different doping concentrations. Inset depicts the
DF/PF ratio at different doping loads.

Similar trend was observed in fluorescence decay transients. Intramolecular
TADF, highly disturbed by conformation disorder, is dominant in concentra-
tions 1-5wt% (Figure 2.7b). However increasing concentration give rise to
undistorted and more efficient exciplex delayed fluorescence. The DF /PF ratio
peaks at about 20 wt% concentration, as further increase of doping load en-
hance excitation mobility leading to quenching of the latest delayed emission
at defect sites. The TADF lifetime also decreases at larger doping concentra-
tions due increased quenching of the latest states. Therefore the DF/PF ratio
can be tuned by selecting appropriate doping concentration in order to achieve
the most efficient delayed fluorescence.
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Summary of the results

A series of novel design donor-c-acceptor TADF compounds with different
donor units were analyzed. Minimization of HOMO-LUMO orbital overlap,
in order achieve negligible A Egt values, was realized through hyperconjugated
hexafluoroisopropylidene spacer. This resulted in weak donor-acceptor coupling
leading to several unusual effects. First, the prompt CT fluorescence outlined
with a remarkably prolonged decay lifetime, which was susceptible to molecu-
lar oxygen. Due to unique characteristics it was initial misidentified as TADF
emission. Second, coexisting intra- and intermolecular fluorescence of different
wavelengths were observed at different timescales even in dilute solutions. The
second emission was proven to originate from exciplex states. In dilute polymer
films with suppressed non-radiative recombination, however, both prompt and
delayed emission were of intramolecular nature. Lastly, the exciplex TADF
emission dominated in neat films, however the optimal doping concentration
of 20 wt% was established as further increase of doping load enabled excitation
migration towards the defect sites subsequently quenching TADF emission.

The work presented in this chapter emphasises that the weak donor-acceptor
coupling is not favorable for efficient intramolecular TADF and o-bridged com-
pounds should be designed with great care.
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3. TOWARDS BLUE TADF EMITTER

This chapter summarizes the research published in papers [A4, A5, A6] and
presents several ways of optimizing emitter structures in order to produce fast
and efficient blue TADF emission.

Motivation

The recent advances in OLED technology allowed successful optimization of
TADF compounds producing devices with external quantum yields approach-
ing 40 % without applying any artificial light extraction techniques (only spon-
taneous molecular orientation) [30,36,110]. However, large EQE values are usu-
ally displayed only at low brightness as their yield substantially reduces at high
luminance due to the pronounced quenching by triplet-triplet, singlet-triplet
and similar annihilation pathways [89,111]. Shortening the TADF lifetime has
been shown to be a successful strategy for lowering EQE roll-off [89,98,112].
While faster rISC rate can be achieved by spatially separating HOMO and
LUMO orbitals, this also leads to reduction of k, which in turn reduces quan-
tum yield of both prompt and delayed fluorescence. Low rate of singlet ra-
diative decay is also harmful for lifespan of TADF devices, as the increased
singlet exciton density in the light-emitting layer boosts the rate of unwanted
singlet—singlet annihilation, increasing the molecular decomposition rate [113].
Moreover, TADF efficiencies are substantially lower in the deep-blue region
(CIE, < 0.1), desirable for colored OLED displays [114], as the EQE for such
devices rarely exceeds 20 % margin [115-117]. The high requirements of short
conjugation length, high triplet energy and appropriate D—A spatial structure
essential for deep-blue TADF are not easily satisfied.

In this chapter several optimization strategies are employed: selectively
adjusting lowest singlet energy, to achieve deep-blue emission, control of ra-
diative and non-radiative decays through linking pattern of donor units and
fine-tuning of rISC rate by small methyl modifications. Emitters with electro-
luminance colors ranging from green (536 nm, CIE (0.35, 0.56)) to deep-blue
(441 nm, CIE (0.16, 0.12)) were produced and peak efficiency of 29.1 % with
low roll-off was reached.

3.1. Achieving deep-blue emission

In order to produce deep-blue emitters, usually dihydroacridine and carbazole
donors are bound to sulphone and nitrogen containing acceptor moieties [118].
However, pyrimidine-carbazole compounds are rarely being explored as TADF
emitters, despite being successfully applied as high triplet energy hosts [119,
120].
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Figure 3.1: Molecular strunctures of base Cbz-PYR and modified version
tCbz-mPYRs.

Seeing the potential of such compounds a carbazole-pyrimidine (Cbz-
PYR), displaying high energy triplet and the presence of RTP, which is usually
a sign of favorable energy structure for TADF [121], was selected as a candidate
for molecular modifications. Based on the knowledge acquired and described in
the first chapter, the following modifications were performed in order to achieve
TADF while maintaining deep-blue emission (Figure 3.1). Firstly, the donor
carbazole units were extended with 3,6-di-tert-butyl in order to increase its
donor strength. Secondly, a methyl group at the 5** position of pyrimidine was
introduced to increase steric hindrance and lower the HOMO and LUMO over-
lap. Finally, a heavy sulphur atom was attached to acceptor unit to enhance
the ISC and rISC rates and redshift the emission peak.

3.1.1. Evaluation of emitter properties

The initial DFT calculations revealed optimistic results (Figure 3.2). The in-

50 position of pyrimidine unit increased the

troduction of methyl group at
twist angle between the donor and acceptor units from 37° to 48.8°. This, in
conjunction with enlarged donor strength by tert-butyl, ensured the separation
of HOMO and LUMO orbitals, confirmed by reduction of both AFEgt and os-
cillator strength (from 540 to 289 meV and 0.558 to 0.394, respectively). The
almost two times reduction of AFgt was achieved by selectively altering lowest
singlet energy Sy (from 3.69 to 3.43 V), while keeping the lowest triplet energy
T, relatively the same (from 3.15 to 3.14€eV).

The success of modifications were clearly visible in photophysical prop-
erties of the compounds. The absorption of tCbz-mPYRs was two folds
lower compared to Cbz-PYR due to reduced oscillator strength, as a con-
sequence of smaller HOMO and LUMO overlap, and peaked at wavelengths
339 and 336 nm, respectively. The fluorescence peaked at 379 and 423 nm for
compounds Cbz-PYR and tCbz-mPYRs, respectively. The enlarged conju-
gation of donor unit together with sulphur atom redshifted the emission. In
solid state, the emission peak of compound tCbz-mPYRs was blueshifted to
415nm when embedded in 1 wt% PMMA film, while in 10 wt% DPEPO host,

the emission was redshifted to 428 nm according to emission spectra in toluene.
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Figure 3.2: Electron densities of HOMO and LUMO, their energies, lowest
singlet and lowest triplet energies, oscillator strengths and AFEgr gaps and
torsion angle of D-A of compounds Cbz-PYR and tCbz-mPYRs.

These shifts were mediated by different polarity of the hosts as well as con-
formational disorder. The phosphorescence shows vibronic resolution due to
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Figure 3.3: Absorbance, fluorescence emission and phosphorescence spectra of
compounds Cbz-PYR. and tCbz-mPYRs in 107° M toluene solution, 1 wt%
PMMA films, 10 wt% DPEPO film.

originating from donor unit and being of *LE nature. The peak of 0-0 transi-
tion remains relatively unchanged in both Cbz-PYR and tCbz-mPYRs (416
and 417 nm, respectively), resulting in significantly lower AEgt for compound
tCbz-mPYRs, especially when embedded in DPEPO host (290 meV).
Fluorescence quantum yield (®r) in dilute solutions were similar for both
Cbz-PYR and tCbz-mPYRs - 0.1 and 0.07, respectively, though minor
decrease of yield was attributed to changes of radiative and non-radiative decay
rates. The k, was reduced 2.6 times due to smaller f of CT emission, however
it was offset by a 1.8 time slower non-radiative decay due to increase steric
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hindrance of the compound tCbz-mPYRs.

No TADF was observed in, even oxygen-free, toluene solutions, typical for
deep-blue TADF emitters [122,123]. However strong TADF emission was ob-
served in 1wt% PMMA and 10 wt% DPEPO films of tCbz-mPYRs where
non-radiative decay is remarkably impeded. The TADF nature was implied
due to observed activation by temperature and susceptibility to molecular oxy-
gen. Meanwhile, Cbz-PYR displayed only weak RTP as the triplet states
were unable to upconvert by virtue of high AFgt gap. Fluorescence quantum
yields were enhanced to 0.44 and 0.5 in oxygen free PMMA and DPEPO films,
with ®rapr amounting to 0.42 yield.

Though the TADF decay was moderately distorted by conformational dis-
order, a multi-exponential fit allowed to estimate the TADF lifetime of about
143 s and rISC rate of kusc =~ 3 x 10%s~! of compound tCbz-mPYRs in
10wt% DPEPO film, comparable to to some of the other deep-blue TADF
emitters [124].

3.1.2. Deep-blue OLED device

The performance of tCbz-mPYRs was evaluated in the following device con-
figuration: ITO/TAPC (30nm)/TcTa (5nm)/10 wt% tCbz-mPYRs:DPEPO
(20nm)/DPEPO (5nm)/TmPyPb (50 nm)/LiF (0.8 nm)/Al (100 nm). The de-
vice showed deep-blue electroluminescence which peaked at 441 nm with CIE
coordinates (0.16, 0.12) at luminescence of 100cd/cm? (Figure 3.4). The ex-
ternal quantum efficiency of 8.7 % was evaluated, comparable to other efficient
deep-blue OLED emitters [125-127]. However the efficiency suffered from pro-
nounced roll-off at higher luminescence values, due to slow decay lifetime of
TADF and low electroactivity of DPEPO host, though this problem is frequent
with other deep-blue TADF OLEDs [128].
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Figure 3.4: a) External quantum efficiencies of OLED devices with tCbz-
mPYRs as emitter at different luminance values. Inset the emission spectra of
the same OLED device at luminance of 100 cd/m?2. b) Photo of manufactured
device.
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Summary of the results

To summarize, an approach to design deep-blue TADF emitter was presented.
Carbazole—pyrimidine—carbazole compound displaying high triplet energy and
RTP was modified by increasing electron donating properties of donor frag-
ment, increasing twist angle of D-A by methyl group and enhancing ISC and
rISC via heavy sulphur atom. The modifications resulted in greatly reduced
AFEgr enabling efficient (®p = 0.5) TADF emission with an average lifetime of
147 ps in 10wt% DPEPO film. OLED device produced with tCbz-mPYRs
emitter exhibited deep-blue emission with CIE coordinates (0.16, 0.12) and
comparable high EQE of 8.7 %. Modification of promising carbazole-pyrimidine
compound proved to be a simple, yet successful strategy for designing efficient
deep-blue TADF emitter.

These results are presented in more detail in paper [A5].

In the next section, the deep-blue emission will be sacrificed in order to gain
higher efficiency.

3.2. Control of decay rates through linking patterns

Another strategy to reduce AFEgt was deployed on Cbz-PYR core. Firstly,
the phenyl spacer was introduced between donor and acceptor unit to de-
crease HOMO-LUMO overlap (1CbzPYR) (Figure 3.5), however the redshift
of emission, due to increased conjugation, is expected. A further reduction
of AFgr was sought by altering linking pattern of carbazole donor, when two
donor units were attached to acceptor core at meta positions of phenyl spacer to
produce 2CbzPYR. Finally, a third donor unit at para position was crammed
in order to increase steric hindrance due to crowding effect (similarly to 4CzPN
compound discussed in chapter 1). The increased rigidity should suppress non-
radiative decay pathways therefore enhancing TADF emission properties and
reducing unwanted effects of conformational disorder in solid-state.

Nx N

it
e O O o O

Figure 3.5: Molecular structures of phenyl-pyrimidine acceptor decorated by
one (1CbzPYR), two (2CbzPYR) or three (3CbzPYR) carbazole donor

units.
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3.2.1. Quantum chemistry

The initial DFT simulations revealed that the phenyl-pyrimidine unit is rather
flat in all compounds with dihedral twist angles in the range 14.5-16.5°, with the
molecules containing more bulky donor fragments showing slightly lower angles
(Figure 3.6). The angles between carbazole donor units and phenyl spacer were
more perpendicular as they ranged from 52° for 1ICbzPYR to 56.5-67.8° for
3CbzPYR, with the meta carbazole units having larger angle compared to
para units. As expected, introduction of more carbazole units reduced LUMO
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Figure 3.6: a) Optimized geometries of carbazole-pyrimidine TADF com-
pounds and dihedral angles between phenyl-pyrimidine («;) and carbazole-
phenyl (a2); Energies and electron distributions of HOMO and LUMO orbitals
as well as estimated oscillator strength and AFgt values are denoted.

level (—1.99, —2.22 and —2.37 €V, respectively) while preserving same HOMO
energy (from —5.49 to —5.526V) therefore energy bandgap was reduced due
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to increased conjugation and promoted CT character. This should result in a
redshift of emission for compounds with more donor untis.

The HOMO-LUMO overlap decreased due to the phenyl spacer and AEgr
was reduced for compound 1CbzPYR compared to Cbz-PYR (290 and
540meV), yet not low enough for efficient TADF. The compound with two
donor units showed most decoupled HOMO-LUMO orbitals and lowest A Fgr
of 100 meV with smallest oscillator strength (0.017), while introduction of para
carbazole reinforced the HOMO-LUMO overlap leading to AEgt of 140 meV
and oscillator strength of 0.092.

3.2.2. Evaluation of emission properties

The effects of increased conjugation were evident in absorption and emission
spectra of dilute toluene solutions, where direct CT absorption band peak
shifted from 355 to 378 nm and the fluorescence peaked at 408, 442 and 464 nm
for compounds 1CbzPYR-3CbzPYR, respectively (Figure 3.7). Similar
emission peak wavelengths of 408, 440 and 446 nm were observed for compounds
1CbzPYR-3CbzPYR in 1wt% PMMA films, where the slight blueshift of
compound 3CbzPYR was probably mediated by lower polarity of PMMA and
small conformational disorder of more rigid molecular core. On the other hand,
the blueshift of compounds 1CbzPYR and 2CbzPYR in lower ambient po-
larity, might be compensated by redshift of emission caused by conformational
disorder, which is more pronounced in labile molecules. The emission of 10 wt%
DPEPO film for compound 3CbzPYR showed more CT character and larger
redshift due to increased polarity of the host.

Phosphorescence spectra acquired at 10 K with 100 ps delay showed vibronic
structure and was, therefore, attributed to *LE state. The evaluated AEgr
values in PMMA films were 480, 270 and 320 meV for compounds 1CbzPYR-
3CbzPYR, respectively. The singlet-triplet gap followed the same trend as
predicted by DFT calculations: introduction of second donor unit lowered the
AFEgt gap, while, for compound with three donor units, AFEgt increased due
to somewhat boosted HOMO-LUMO coupling through para-carbazole. The
AEgt for compound 3CbzPYR was further lowered to 110 meV when embed-
ded in more polar 10 wt% DPEPO host.

To evaluate the effects of conformational disorder, time-resolved spectra of
compounds 2CbzPYR and 3CbzPYR were recorded and are presented in
figure 3.8. As expected a large temporal redshift of 380 meV is observed for
flexible compound 2CbzP YR, followed by a blueshift of 310 meV, therefore the
latest emissive states are quenched. Meanwhile the more sterically constrained
compound 3CbzPYR showed remarkably smaller redshift of 240 meV followed
by a blueshift of 190 meV. The smaller difference between shifts suggest lower
quenching of the latest states. 1CbzPYR, on the other hand, showed no
delayed emission due to large AFgr.
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Figure 3.7: Absorption, fluorescence and phosphorescence spectra of
carbazole-pyrimidine compounds acquired in: 107° M toluene solution (solid
lines), 1wt% PMMA films (dashed lines), 10 wt% DPEPO films (orange solid
line for 3CbzPYR). Phosphorescence spectra (open dots) were acquired at
10K in PMMA films.

The decay transients for carbazole-pyrimidine compounds in 10~° M toluene
solutions and 1 wt% PMMA films are presented in figure 3.9. Both 2CbzPYR
and 3CbzPYR showed bi-exponential decay of prompt and delayed emission
while for compound with the largest AEst 1CbzPYR only prompt emission
was observed. The delayed emission was proven to be TADF due to suscepti-
bility to molecular oxygen and activation with temperature.

The decay lifetime of prompt emission was fastest for 1CbzPYR with
strongest oscillator strength and LE type emission, while compounds with
bulkier donor fragments showed remarkably slower decay in both solution and
PMMA ambient. Assessed rates of prompt and delayed emission in toluene
solutions, together with efficiencies are presented in table 3.1.

A remarkably low k. of 0.7 x 107 s~! was registered for 2CbzPYR, with
largest HOMO-LUMO decoupling. This, in conjunction with largest non-
radiative decay rate of 11 x 107 s~!, resulted in lowest ®pp of 0.057. In con-
trast, rapid radiative decay rate (2.9 x 107s7!), one of the largest for TADF
compounds [129], together with moderate ky, (3.8 x 107 s™1) ensured an excep-
tional prompt fluorescence yield of 0.43 for compound 3CbzPYR. The ®pp
and kg remained relatively the same in rigid PMMA film. This led to similar
knr values in both surroundings, meaning that non-radiative decay pathway
occurring through vibrations of molecular core, could be neglected and the
dominating non-radiative decay could be assigned to ISC [83].

Similar trends were observed for delayed emission, the compound with larger
prompt fluorescence yield, 3CbzPYR, showed more efficient delayed fluores-
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Figure 3.8: Time-resolved spectra of compounds 2CbzPYR (a) and
3CbzPYR (b) in 1 wt% PMMA film. Red and blue horizontal arrows depicts
redshift of prompt emission and blueshift of delayed emission, respectively.

Table 3.1: Fluorescence and TADF properties for carbazole-pyrimidine com-
pounds in 107® M toluene solutions.

ka/ke/knr  krapr/kisc/kasc/kL
R ) [ d (0N
(1075 1) (10751 pr/®pr/P1sc/Prsc

1CbzPYR  26.0/22.0/3.9 ~/3.9/-/- 0.85/—/0.15/—
2CbzPYR 11.0/0.7/11.0  2.29/11.0/1.2°/2.2¢  0.057/0.003/0.94/0.05
3CbzPYR  7/2.9/3.8 0.7%/3.8/1.9°/0.6  0.43/0.07/0.57/0.25

@ x10%s71. b x10%s7 L,

cence. Meanwhile 2CbzPYR, with low molecular rigidity, displayed high non-
radiative triplet quenching (k1) which dominated, being about 18 times higher
than k,15c, and resulted in negligible ®pr. Moreover, low k, rate in conjunc-
tion with high krgc rate (0.7 x 107s™1 ws. 11 x 107 s™1, respectively) ensured
that majority of upconverted excitons would cycle back to triplet states via
ISC until they decay non-radiatively through kL. For 3CbzPYR, however,
the non-radiatively triplet pathway was suppressed by steric confinement of
carbazole units. Together with high k,, this ensured delayed fluorescence yield
up to 0.07.

Further increase of ®pr was achieved in PMMA films. Here, the suppres-
sion of kI increased TADF yield to 0.16 and 0.33 and ®py, to 0.22 and 0.81 for
compounds 2CbzPYR and 3CbzPYR, respectively. Despite the suppressed
non-radiative decay pathway 2CbzP YR still suffered from low k, and, there-
fore, the performance of this compound was still poor.
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Figure 3.9: Decay transients of compounds 1CbzPYR-3CbzPYRin 10~° M
toluene solutions (a) and 1 wt% PMMA films (b). Decay kinetic of 3CbzPYR
in 10wt% DPEPO film is also presented as a solid green line.

3.2.3. Device performace

Due to efficient TADF and fast radiative decay, compound 3CbzPYR was
exploited as emitter. The OLED device was constructed with the follow-
ing structure: ITO/TAPC (30nm)/TCTA (5nm)/10 wt% 3CbzPYR:DPEPO
(15nm)/TmPyPB (65nm)/LiF (0.8nm)/Al (100nm). Blue electrolumines-
cence peaking at 473nm with CIE coordinates of (0.16, 0.23) was observed
from fabricated device. The OLED demonstrated exceptional peak external
quantum efficiency of 19.7% which is inline with large ® assuming 20-30 %
outcoupling efficiency. Moderate EQE roll-off was observed at larger luminance
due to the average solid-state TADF lifetime of 3CbzPYR and the weak elec-
troactivity of the DPEPO host, though the latter issue could be solved by
further optimization of the OLED architecture.
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Figure 3.10: External quantum efficiency at different luminance values of
OLED device with 3CbzPYR emitter. Inset: electroluminance spectrum of
device at 850 cd/m?.
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Summary of the results

To summarize, altering number and linking pattern of donor units in carbazole-
phenylpyrimidine compounds proved to be an efficient way to optimize fluores-
cence decay rates and achieve efficient TADF emission.

The singlet energies where tuned by introducing more carbazole units with-
out altering the triplet energies much. This enabled TADF emission in com-
pounds with two or three carbazoles, which was absent in compound with one
para-carbazole. Prompt and delayed fluorescence properties, on the other hand,
were drastically different for both compounds. Low overlap of HOMO-LUMO
orbitals, in double meta-carbazole substituted 2CbzP YR, drastically lowered
radiative decay rate, which was outcompeted by rapid intersystem crossing and
resulted in low emission yield. Even with pronounced ISC rate, 2CbzPYR
showed low TADF yield as the majority of triplets were quenched by the rapid
nonradiative decay, promoted by rather flexible molecular structure. The non-
radiative singlet and triplet decays were suppressed by introducing another
para-carbazole unit, boosting prompt and TADF emissions to 0.43 and 0.33,
respectively. The stiffened core also reduced redshift induced by conforma-
tional disorder. The compound 3CbzPYR with optimized donor-acceptor
architecture was used as blue emitter in OLED device. Highly efficient electro-
luminescence with peak EQE of 19.7% and colour coordinates of (0.16, 0.23)
was achieved. The results are presented in more detail in paper [A6].

In the next section, a different molecular structure with a known fast TADF
lifetime will be further improved.

3.3. Fine-tuning rISC rate by small methyl modifications

Another popular donor fragment phenoxazine (PXZ), known for its strong elec-
tron donating properties, is commonly used to construct efficient emitters in
sky-blue — yellow color region [96,130-136]. It was shown that PXZ, in con-
junction with diphenyl-pyrimidine acceptor unit (PXZ-PYR), can exhibit fast
(TrapF = 2.56 ps) which can be utilized in devices with EQE of 19.9 % [136].
Further modifications with aryl and phenyl groups on pyrimidine acceptor
lowered the TADF lifetime to 1.99ps in together enhancing the EQE up to
24.6 % [135,136]. Another strategy of incorporating a heavy Cl or Br atom
to accelerate ISC and rISC resulted in enhanced Trapr of 1.32 pus and EQE of
25.3 % [96], however the inclusion of heavy atom results in redshift of emission
— an unwanted effect when aiming for blue emitters [96,97].

Inspired by good efficiency and rapid TADF we upgraded this compound
by modifying PXZ-PYR with either ortho-methyl (PXZ-mdPYR) or meta-
methyl (PXZ-muPYR), or both meta and ortho methyl modifications (PXZ-
2mPYR) (Figure 3.11), to increase kysc while maintaining sky-blue — green

emission.
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Figure 3.11: Molecular structures of compounds PXZ-PYR, PXZ-
muPYR, PXZ-mdPYR and PXZ-2mPYR.

3.3.1. Tuning of decay rates

The initial DFT calculations revealed that the angle between the donor frag-
ment and phenyl spacer was almost orthogonal with some slight variations
(84.05-89.62°), for all compounds. On the other hand, the phenyl rings were
only slightly twisted (19°) in respect to pyrimidine unit for both PXZ-PYR
and PXZ-muPYR while introduction of ortho-methyl unit increased the twist
angle to nearly 43° due to enhanced steric hindrance. This also led to increase of
LUMO energies from —2.04 and —2.10eV for PXZ-PYR and PXZ-muPYR,
respectively, to —1.82 and —1.88¢eV for PXZ-mdPYR and PXZ-2mPYR,
respectively, weakening the electron-accepting ability and enlarging bandgap,
while maintaining HOMO energies relatively same (from —4.79 to —4.76¢€V).
The enlarged badgap should result in blueshift of emission for compounds with
methyl moiety. The larger twist in ortho-methyl modified compounds also led
to reduced HOMO-LUMO overlap and reduction of oscillator strength from
0.0016 and 0.0013 for compounds PXZ-PYR and PXZ-muPYR, respec-
tively, to 0.0002 and 0.0003 for PXZ-mdPYR and PXZ-2mPYR, respec-
tively.

The absorption and emission spectra in 107° M toluene solution are pre-
sented in figure 3.12a. Two absorption regions can be discerned: first at about
280-350 nm, which is comprised of individual absorption of donor and accep-
tor fragments, and second at about 360-450 nm, attributed to charge trans-
fer state. Fluorescence spectra of unmodified PXZ-PYR peaked at 543 nm,
while the emission was blueshifted to 530, 528 and 519 nm for methyl modified
compounds PXZ-muPYR, PXZ-mdPYR, PXZ-2mPYR, respectively, as
predicted by DFT calculations. Therefore the introduction of methyl groups
allowed us to tune CT emission wavelength for 100 meV.

The low temperature phosphorescence spectra in 1 wt% PMMA film, dis-
played clear vibronic progression, typical for locally excited triplet (3LE) emis-
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Figure 3.12: a) Absorption and emission spectra of compounds PXZ-PYR,
PXZ-muPYR, PXZ-mdPYR and PXZ-2mPYR in 107° M toluene solu-
tions together with absorption of separate pyrimidine (A) and phenoxazine (D)
fragments; b) phosphorescence spectra of same compounds in 1wt% PMMA
films at 10 K temperature, measured at delay of 100 ps.

sion (Figure 3.12b). Vibronic bands of more rigid compounds PXZ-mdPYR,
PXZ-muPYR and PXZ-2mPYR peaked at the same wavelengths as that of
PXZ donor. On the other hand, the least sterically constrained PXZ-PYR ex-
hibited strongly overlapped and broadened phosphorescence emission, yet weak
0" vibronic band was still visible. Therefore phosphorescence of all compounds
originated from the same donor fragment with the same T energy of 2.72eV.
The AFEgt was estimated to be 10, 70, 150 and 130eV for PXZ-PYR, PXZ-
muPYR, PXZ-mdPYRand PXZ-2mPYR, respectively. Surprisingly, the
AFEgt increased for compounds with smaller HOMO and LUMO overlap, this
was made possible due to the 3LE nature of the lowest triplet state.

All compounds produced bi-exponential decays in diluted toluene solutions
and similar, yet multi-exponential due to conformational disorder, decay pro-
files in solid-state films (Figure 3.13). The origin of delayed fluorescence was
attributed to TADF as it was quenched by oxygen and showed activation with
temperature. The TADF lifetimes in toluene solutions were rather fast as the
values ranged from 1.6 to 4.0 s for compounds PXZ-PYR, PXZ-mdPYR
and PXZ-2mPYR. The meta-methyl modified compounds PXZ-muPYR
displayed 7rapr of 0.8 us which is among the lowest values reported for solu-
tions [70,97,112,137,138].

TADF properties of all phenoxazine-pyrimidine are presented in table 3.2.
Here, several important properties should be noted:

e The decreased TADF lifetime is related to reduced rotational flexibil-
ity of PXZ unit and the adjustment of *CT-’LE energy gap by chang-
ing HOMO-LUMO overlap. The 3CT-3LE gap may also be altered,
while spin-orbit coupling should remain relatively the same for similar
molecules [139].

e The ISC and rISC rates suffered from increased 'CT->LE energy gap
for molecules with same flexibility of PXZ i.e., the k,gc decreased
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Figure 3.13: Decay transients of compounds PXZ-PYR, PXZ-muPYR,
PXZ-mdPYR and PXZ-2mPYR in (a) 107°M toluene solutions and (b)
10 wt% DPEPO films.

from 1.8 x 10% to 0.7 x 108s~! for compounds PXZ-PYR and PXZ-
mdPYR with more labile donor unit and from 6.5 x 105 to 2.5 x 106s~!
for compounds PXZ-muPYR and PXZ-2mPYR with more con-
strained donor unit.

e Surprisingly, the increase in kygc was found for compounds with more
sterically hindered PXZ units, lowered IC rates, and, supposedly, weak-
ened vibronic coupling between *LE and 3CT states (PXZ-PYR wvs.
PXZ-muPYR and PXZ-mdPYR vs. PXZ-2mPYR) [55]. The re-
duction of >LE and CT energy gap was attributed to the cause of en-
hanced ISC and rISC rates for compounds with meta-methyl modifica-
tions (PXZ-muPYR and PXZ-2mPYR), though the mechanism is
still debatable.

o Large ®Tapr (0.42) of compound PXZ-muPYR was determined by the
fastest ISC and rISC rates. However similar TADF quantum yield (0.43)
was achieved by PXZ-2mPYR with lower rISC rate, due to reduced IC
rate mediated by more rigid molecular structure.

The non-radiative pathways were suppressed even more in rigid surrounding
of 1wt% PMMA film. Here, the quantum yield was boosted to near unity for
compounds PXZ-PYR, PXZ-mdPYR and PXZ-muPYR (0.92, 0.94 and
0.95, respectively), while for compound PXZ-2mPYR it remained lower at
0.72. Comparable ®f were estimated in 10 wt% DPEPO host, where increased
ambient polarity redshifted emission peaks to 515-542 nm. Decay transients in
DPEPO hosts were similar to those in toluene solution (Figure 3.13), however
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Table 3.2: TADF properties of compounds: PXZ-PYR, PXZ-muPYR,
PXZ-mdPYR, PXZ-2mPYR in oxygen-free toluene solution.

Brapp AFEst  TraDF kic kisc knsc
(meV) (ps) (108s~1)  (107s71)  (10%s71)
PXZ-PYR 0.27 10 1.6 16 4.8 1.8
PXZ-muPYR 0.42 70 0.8 5.6 4.9 6.5
PXZ-mdPYR 0.24 150 4 9.2 2.5 0.7
PXZ-2mPYR 0.43 130 2.1 3.7 3.4 2.5

the TADF decays were prolonged and multiexponential due to conformational
disorder. Only the PXZ-muPYR with the shortest decay transient was suc-
cessfully approximated with three-exponential fit. Average TADF lifetime of
860 ns was estimated, being one of the lowest among the ever reported various
TADF emitters [19,98,138,140].

3.3.2. Device performace

As pyrimidine-phenoxazine compounds showed promising TADF proper-
ties, OLED devices were prepared. Typical OLED structure used for
similar devices [96, 135, 136] was employed, however the usual CBP host
was exchanged for higher triplet energy host DPEPO, to efficiently con-
fine triplet excitons in the emissive layer. The following structure was
used: ITO/TAPC (30nm)/TCTA (5nm)/10wt% TADF emitter:DPEPO
(15nm)/TmPyPB (65 nm)/LiF (0.8nm)/Al (100 nm).
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Figure 3.14: a) Prepared OLD devices with PXZ-muPYR used as emitter;
b) External quantum efficiencies of OLED devices at different luminance values.
Inset: electroluminance spectra of devices at driving voltage of 9V.

Photo of the final device as well its EQE and electroluminance spectra
are presented in figure 3.14. The EL emission color was successfully tuned
from green, peaking at 536 nm for PXZ-PYR (CIE coordinates of (0.35.0.56))
to cyan, peaking at 502nm for PXZ-2mPYR (CIE coordinates of (0.23,
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0.42)). Exceptionally high EQE values of 27.9, 29.1, 27.5 and 26.3% were
obtained for compounds PXZ-PYR, PXZ-muPYR, PXZ-mdPYR and
PXZ-2mPYR, respectively. These values are among the highest values re-
ported for pyrimidine compounds without using any additional outcoupling
technique (see Table S3 in the Supporting Information of [A4] for a compar-
ison). The compound PXZ-muPYR not only showed the highest EQE of
29.1 %, but also distinguished with very low EQE roll-off as efficiency dropped
to only 20.5% at 1000cd/m?. A low EQE roll-off was achieved due to the
short TADF lifetime of only 860 ns. The combination of submicrosecond TADF
lifetime in solid-state along with EQE of nearly 30 % puts compound PXZ-
muPYR among the best TADF emitters. Though other emitters displayed
similarly high peak EQE values, the EQE roll-off was substantially worse due
to longer TADF lifetimes and enhanced quenching by TTA or STA.

Summary of the results

To summarize, introduction of methyl group at phenyl spacer in pyrimidine-
phenylphenoxazine compounds proved to be a powerful strategy for improving
TADF properties. First, the introduction of ortho-methyl units were found
to reduce the acceptor strength, resulting in enlarged 'CT-LE gap, lowered
rISC rate and TADF efficiency. Modification with meta-methyl fragments, on
the other hand, increased the rISC rate up to 6.5 x 10%s~! producing one of
shortest TADF lifetimes of 800 ns in dilute solutions. Lowering of *CT-3LE gap
was attributed to TADF enhancement. Introduction of both meta-methyl and
ortho-methyl groups enlarged the 'CT-3LE energy gap, resulting in reduced
rISC rate ant slowest TADF lifetime in solid-state. However, the weakened IC
rate promoted radiative decay ensuring high TADF quantum yield.

The suppression of non-radiative pathways in solid-state enhanced emission
quantum yield to near unity in PMMA films. Presence of conformational dis-
order was minimized by fast rISC rate in compound with meta-methyl which
allowed to estimate (by three-exponential fit) one of the fastest reported TADF
decay lifetime of 860ns in 10 wt% DPEPO film. Such fast TADF resulted in
high external quantum efficiency (29.1 %) device with very low EQE roll-off as
efficiency dropped to only 20.5 % at 1000 cd/m?.

Unmodified and ortho-methyl modified phenoxazine-pyrimidine produced
efficient green OLEDs with EQE in rage of 27.5-27.9%. Cyan EL with peak
EQE of 26.3% was obtained for compound with both meta-methyl and or-
tho-methyl modifications, though it suffered from large EQE roll-off due to
prolonged TADF lifetime.

These results are presented in more detail in article [A4].
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CONCLUSIONS

During this work several conclusions were drawn:

1.

Requirement of twisted and somewhat liable D—A geometry for efficient
TADF emission leads to several undesirable effects in solid-state, induced
by conformational disorder, such as broadening and redshifting of emis-
sion spectra as well as prolonging TADF lifetime, which makes it suscep-
tible to EQE roll-off. The disastrous effects of conformational disorder
can be evaded by designing rigid molecular core or by increasing rISC
rate.

. Designing donor—acceptor molecules with hyperconjugated spacer (D—

o—A) leads to weak coupling between donor and acceptor resulting in
extremely low radiative decay rate which can hardly compete with non-
radiative decay pathways. This can lead to deceptive dual emission orig-
inating from intra- and intermolecular charge transfer states and is not
favorable for TADF emission.

. Molecular optimization of carbazole-pyrimidine compound by enhancing

carbazole electron-donating abilities with tert-butyl units; sterically hin-
dering D—A twist angle by methyl modification of pyrimidine moiety and
introduction of sulphur heteroatom enabled TADF emission without dis-
turbing lowest triplet energy. This allowed to produce a deep-blue (CIE
0.16, 0.12) and relatively efficient (EQE 8.7 %) TADF OLED device.

Introduction of additional carbazole donor units in carbazole-
phenylpyrimidine structure decouples HOMO-LUMO orbitals reducing
AFEgt gap and enables TADF emission. However double meta-carabazole
substitute compound yields poor quantum efficiency due to both low
prompt radiative and high triplet non-radiative decay rates. All of these
drawbacks can be overcome by crowding with a third para-carbazole,
which promotes radiative decay and shows good quantum yield 0.81. Blue
(CIE coordinates (0.16, 0.23)) TADF OLED emitter was constructed with
exceptionally high peak EQE of 19.7 %.

. Introduction of small methyl fragments to phenyl ring of phenoxazine-

phenylpyrimidine allowed manipulation of several TADF emission prop-
erties: first, the electroluminescence color was fine-tuned from green
(536 nm) to cyan (502nm); second, meta-methyl modification adjusted
1CT-3LE and *CT-%LE energy gaps producing one of fastest TADF life-
time of 860 ns in solid-state. This enabled to create TADF OLED device
with very high peak EQE of 29.1 % which retained efficiency of 20.5 % at
high luminance of 1000 cd/m?.
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SANTRAUKA LIETUVIU KALBA

Ivadas

Gyvename jdomiais laikais, kuriuose sparciai tobuléjancios technologijos ne-
spéja tenkinti zmoniy alkio naujiems technologiniams sprendimams bei patogu-
mams. ISmani jranga tapo kasdieniu pagalbininku darbe bei buityje. Nors
sparciai plétojamos technologijos, leisiancios tiesiogiai sujungti Zzmogaus smege-
nis su kompiuteriu [1-3], Siandiena §i galimybé labiau primena moksline fan-
tastika nei realybe. Siuo metu ekranai islicka pagrindine vartotojo sasaja su
prietaisais atveriancia vartus j beribes socialines platybes bei patogesnes darbo
salygas. Siais metais, uzklupus globalinei Covid-19 pandemijai, socialiné atskir-
tis tapo vienintele apsisaugojimo priemone. Todél, kaip niekada anksciau,
buvo stengtasi perkelti visa bendravima uz ekrano riby. Nenuostabu, jog todél
reikalaujame vis geresniy vaizduokliy parametry.

Stagnuojant iSmaniyjy telefony progresui, kiekvienas gamintojas sten-
giasi patraukti potencialius klientus beprecedentémis funkcijomis ar neeiliniais
dizaino sprendimais. Atkreipus démesj j paskutiniu metu skambiausiai rekla-
muojamas telefony naujoves galime pastebéti $j ta bendro. Didelés raiskos,
begalinio kontrasto (,tikroji“ juoda spalva), sodriy spalvy bei lenkti vaizduok-
liai, sulankstomi telefonai, priekinés kameros bei pirsty antspaudo sensorius
paslepimas po ekranu — visus Siuos isskirtinius ypatumus leido sukurti organiniy
sviestuky (OLED) ekranai. Televizoriy bei monitoriy gamintojai taip pat nes-
naudzia. OLED technologija gristi plony¢iai, priklijuojami prie sienos, suvynio-
jami ar net permatoma ekrang turintys televizoriai jau yra prieinami eiliniam
vartotojui.

Nors organiniai junginiai karaliauja zeméje milijardus mety, jie visai nese-
niai jsiverzé j elektronikos pramone. Puslaidininkiné organika suvienija pus-
laidininkiy elektrines savybes su organikos plastikinémis mechaninémis ypaty-
bémis, jgalindama didelio ploto, spausdinamuy bei gerais mechaniniais atsparu-
mais pasizyminciy prietaisy realizacija [4-6]. Dél begalinés jvairoves organiniai
junginiai pasizymi gausiu savybiy spektru, viena i$ jy — elektroliuminescencija
— elektros sroveés virtimas Sviesa. Pirma karta elektroliuminescencija antraceno
kristaluose buvo pastebéta 1963 m. [7], tadiau pirmasis organinis diodas buvo
sukurtas tik 1987 m [8]. Vélesnj deSimtmetj Si technologija buvo plétojama ir
sekmingai komercializuota [9,10].

Pirmosios kartos sviestukai buvo pagristi singletiniy eksitony fluorescencija,
taciau del sukinio statistikos ypatumy tik 25 % elektrinio suzadinimo yra single-
tinio pobudzio, o like 75 % injektuoto kruvio patenka j nespindulines tripletines
busenas [11]. Kartu su jprastine 20-30 % Sviesos istruka i$ prietaiso, pirmos
generacijos sviestuky nasumas buvo ne ka geresnis nei jprasty halogeniniy lem-
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puciy < 5 %.

Zemo nasumo problema buvo iSspesta antros kartos fosforescenciniuose
Sviestukuose. Dél jterpto sunkaus atomo juose, singletinés ir tripletinés
busenos, veikiamos stiprios sukinio—orbitos saveikos, susimaiSo, taip jgalin-
damos $viesos emisija i ,tamsiyjy“ tripletiniy buseny [11,12]. Tuo tarpu sin-
gletiniai suzadinimai yra konvertuojami j tripletinius dél efektyvios interkom-
binacinés konversijos (ISC). Tokiu budu visa emisija atsiranda i$ tripletiniy
buseny ir yra vadinama fosforescencija, o vidinis molekulés nasumas gali siekti
100 %, taigi prietaiso nasumas yra ribojamas tik Sviesos istrukos. Nors antrosios
kartos Sviestukai yra naudojami ligi siol, jy gamybai reikalingi brangus, toksiski
sunkieji metalai tokie kaip iridis ar platina, taip pat jie néra ilgaamziski [13].

2012 m. Adachi et al. realizuodamas E tipo uzdesltaja emisija [14]
pagamino nasy, visiskai organinj treciosios kartos $viestuka [15-17]. Siuo atveju
tripletinis suzadinimas yra konvertuojamas j singletinj atgalinés interkombinac-
inés konversijos (rISC) metu, kuria jgalina aplinkos terminé energija molekulése
su mazu (jprastai nedidesniu nei 200 meV) energiniu tarpu tarp singletinés ir
tripletinés buseny (AEgt). Konvertuoti suzadinimai gali relaksuoti spinduliniu
budu, todél juy emisija yra vadinama termiskai aktyvuota uzdelstaja fluore-
scencija (TADF). Kadangi visi elektriskai injektuoti kruvininkai turi galimybe
isispinduliuoti, tokiu spinduoliy vidinis nasumas siekia iki 100 % [18,19].

TADF sviestukai techninémis charakteristikomis nenusileidzia Siuo metu
placiausiai naudojamiems fosforescenciniams Sviestukams, ta¢iau yra kur kas
paprastesnis ir elegantiskesnis, pilnai organinis sprendimas. Deja, Sios kartos
sviestukai dar néra komercializuoti, nors tai jnirtingai stengiasi pasiekti kom-
panijos Kylux ir Cynora. Vis délto, islieka keltas neiSsprestu problemuy, tokiy
kaip stiprus nasumo krytis (roll-off) prie didesniy Sviestuko galiy, mazas sodriai
mélyny sviestuky efektyvumas ar trumpas prietaiso tarnavimo laikas.

Darbo tikslas ir naujumas

Nors termiskai aktyvuotos uzdelstosios fluorescencijos (TADF) tyrimai yra
viena populiariausiy temy organiniy Sviestuky pasaulyje, tam tikri efektai,
kaip konformacinés netvarkos jtaka emisijos savybéms kietame kune, islieka
ganétinai menkai istirti. Taip pat, paskutiniu metu yra intensyviai siekiama
komercializuoti 8ig technologija, taciau aiskiy molekulinio dizaino strategiju
trukumas stabdo sj procesa.

Sio darbo tikslas yra isnagrinéti molekuliniy donor-akceptoriniy dariniy
modifikacijy jtaka termiskai aktyvuotos uzdelstosios fluorescencijos savybéms
bei pasiulyti strukturinés optimizacijos budy siekiant sukurti nasius mélynos
spalvos Sviestukus.
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Sprendziami uzdaviniai

Darbo tikslui jgyvendinti buvo issikelti uzdaviniai:

o Pasitelkti laike koreliuota spektroskopija siekiant atlikti nuodugnia ter-
miskai aktyvuotos uzdelstosios fluorescencijos analize jvairiuose D—A or-
ganininiuose junginiuose su pirimidino akceptoriumi bei karbazolo, feno-

tiazino bei fenoksazino donoriniais fragmentais.

o ISanalizuoti konformacinés netvarkos nulemtus efektus kietoje terpéje bei
ju priklausomybe nuo molekulés standumo ar kity parametry.

o Atskleisti dvigubos, sparcios uzdelstosios emisijos prigimtj dariniuose su
donoras—c—akceptorius struktura ir jvertinti jy tinkamuma TADF Svies-
tukams.

e Pagerinti jvairiy D—A struktiros TADF spinduoliy emisijos spalva,
nasuma bei sparta atliekant jvairius nedidelius strukturinius pakeitimus,
kaip metilo grupés ar sunkaus atomo jterpimas.

e Pagaminti ir pademonstruoti veikiancius sviestukus panaudojant geriau-
sias molekulines strukturas tirtas Siame darbe bei ivertinti jy elektroliu-

minescencines savybes.

Ginamieji teiginiai

o Kai kurie nepageidaujami salutiniai efektai, atsirandantys dél konforma-
cinés netvarkos, nulemtos labilios D—-A struktiiros, gali biiti sumazinti
standinant molekuline struktura ar paspartinus atgaline interkombinac-
ine konversija (rISC).

e Donoro ir akceptoriaus atskyrimas per hyperkonjuguota o jungti,
drastiskai sumazina spindulinés fluorescencijos sparta kartu sumazin-
damas ir uzdelstosios emisijos efektyvuma, todél tokia architektura néra
lengvai pritaikoma TADF spinduoliuose.

e Gera kvantinj nasuma karbazolo-pirimidino TADF dariniuose galima
pasiekti ne tik delokalizuojant n—elektrony sistema, bet ir selektyviai op-
timizuojant donoriniy fragmenty skai¢iy bei jy jungimo pozicija.

e Selektyvi fenoxazino—pirimidono D—-A-D dariniy modifikacija metilo
pakaitais leidzia pasiekti mazesnes nei mikrosekundés TADF gesimo
trukmes kietoje terpéje taip sumazinant efektyvumo krytj esant dideliam
prietaiso Sviesiniam skaisciui.
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vi¢ius (Vilniaus universitetas) bei dr. Alytis Gruodis (Vilniaus universitetas).
DSC eksperimentg atliko bei duomenis susistemino dr. Regimantas Komskis
(Vilniaus universitetas). Visus organiniy diody prietaisus (OLED) pagamino
ir istyré Dovydas Banevi¢ius (Vilniaus universitetas).

Autorius dziaugiasi turéjes galimybe bendradarbiauti su Siais puikiais
zmonémis ir dékoja uz jy indelj.
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Konformacinés netvarkos tyrimas

Vienoje placiausiai naudojamy TADF spinduoliy sandaroje donoro ir akcep-
toriaus fragmentai yra steriskai fiksuojami beveik statmenoje konfiguracijoje,
taip sumazinant singleto—tripleto energijos (AEgr) tarpa ir uztikrinant efek-
tyvia atgaline interkombinacine konversija (rISC) [86, 87]. Tadiau siekiant
didelés rISC spartos taip pat svarbi ir vibroniné saveika tarp *LE ir *CT lyg-
meny, kuri reikalauja siokio tokio sukamojo laisvumo tarp donoro (D) ir ak-
ceptoriaus (A) daliy [52,57,59-61]. Kietoje terpéje tokios molekulés ,uzsala“
skirtingose konformacijose, su jvairiais kampais tarp D ir A bei TADF emisijos
savybémis [55,66,67]. Si konformacijy jvairove sukelia keleta nepageidaujamy
efekty: emisijos spektrai iSplatéja (nepalanku spalvotiems ekranams siekianéi-
ams gryny spalvy), o TADF gesimo trukmés iSilgéja, taip sukeldamos Sviestuko
efektyvumo krytj (roll-off) prie dideliy Sviesiu [62,65,68,88,89]. Nepaisant aki-
vaizdaus konformacinés netvarkos poveikio TADF emisijai, Sis reiskinys néra
placiai iSanalizuotas.

Siekiant gilesnés jzvalgos | konformacinés netvarkos nulemtus procesus, pub-
likacijoje [A3], pasitelkus laike—koreliuota spektroskopija, buvo nuodugniai
istirtos ir palygintos dvi grupés junginiy, pasizyminciy panasiomis emisijos
savybémis, bet skirtingu molekuliniu kietumu. Pirmoje grupéje buvo lygi-
namas darinys 4,6-bis(2-metil-4-(10H-fenotiazin-10-il)fenil)pirimidinas (PTZ-
mPYR), sudarytas i§ fenil-pirimidno akceptoriaus sujungto su fenoti-
azino donoru per labilia metilo jungti, su 1,2,3,4-tetrakis(karbazol-9-il)-5,6-
dicianobenzenu (4CzPN), kuriame dicianobenzeno akceptorius sujungtas su
keturiais karbazolo donorais. Dél tankiai, salia vienas kito, iSsidésciusiy kar-
bazoly tarpusavio saveikos, ju sukimasis buvo apribotas.

Minksta PTZ-mPYR molekulé pasizyméjo didele jvairove konformery su
skirtingais kampais tarp donoro ir akceptoriaus, kartu ir didele jvairove TADF
emisijos savybiy, kuriy suma nulémeé pladius emisijos spektrus (spektro pus-
plotis iki 670meV) bei ilgas gesimo trukmes (trukmiy jvertinti nepavyko dél
multieksponentinés prigimties) kietoje terpéje. Taip pat, buvo pastebéta, jog
konformerai su didziausiu A Egr, kartu ir maziausia rISC sparta ir mélyniausia
emisijos spalva buvo gesinami net bedeguonéje aplinkoje, taip sukeldami emisi-
jos spektro poslinkj per 150 meV j raudonaja puse. Visy Siy neigiamy efekty
buvo isvengta molekuléje su apribotu donoriniy fragmenty sukimusi — 4CzPN.
Dél mazos kampuy bei A Egt energiju jvairovés sio darinio emisijos spalva nekito
kietoje terpéje, o TADF gesimo trukmeé iSaugo palyginti nedaug (nuo 15.5 ps
iki 46 nus). Ta pati tendencija buvo stebima ir minksta fenotiazino fragmenta
pakeitus kietesniu fenoksazino donoru — nepageidaujami konformacinés netvar-
kos efektai buvo sumazinti, taciau ne taip drastiskai kaip 4CzPN atveju dél
palyginti minkstesnés molekulés konfiguracijos.

Kita sékminga strategija iSvengti kenksmingy konformacinés netvarkos
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padariniy buvo pademonstruota publikacijoje [A1l]. Prie to pacio PTZ-
mPYR darinio akceptoriaus prijungus sunky chloro atoma, dél sukinio—orbitos
saveikos, buvo pagreitinta rISC sparta nekei¢iant molekulés kietumo D-A
kampo atzvilgiu. Dél sumazéjusios TADF gesimo trukmeés (nuo 11 ps iki 1.1 ps
tirpale) net konformacijos su didziausiomis AFEgt vertémis speédavo iSsispin-
duliuoti, todél raudonasis spektro poslinkis kietoje terpéje nebuvo stebimas.

Taigi, sioje disertacijos dalyje buvo pristatyti du budai kovoti su konfor-
macinés netvarkos nulemtais nepageidaujamais efektais: molekulés strukturos
kietinimas bei rISC spartinimas.

D—o—A konfiguracijos spinduoliai

Realizuoti maza A Egr tarpg galima ir atskiriant donoro bei akceptoriaus frag-
mentus atskirose molekulése, taip apribojant HOMO ir LUMO orbitaliy san-
klota [40]. Taciau Siuo atveju TADF emisinés savybé stipriai priklauso nuo
sunkiai kontroliuojamo atstumo tarp donoro ir akceptoriaus [42—44]. Nese-
niai buvo pasitlyta D ir A sujungti per nekonjuguota o jungtuka, taip nu-
traukiant elektronine saveika tarp fragmenty, taciau tiksliai kontroliuojant at-
stumg tarp ju [70]. Plokscias trifeniltriazino akceptorius buvo sujungtas su
ivairaus stiprumo donorais: 1 — dihidroakridinu, 2 — tetrametilkarbazolu bei 3 —
trifeniaminu per hyperkonjuguota heksafluoroisopropilidino jungtj. Sioms siste-
moms buvo nustatytos labai mazos osciliatoriaus stiprio vertés (0.0008-0.0054)
bei pastebétos dvi TADF gesimo komponentés is kuriy pirmoji pasizyméjo
viena grei¢iausiy zinomy TADF trukmiy 200-400 ns [102]. Publikacijose [A2]
pateikiama nuodugni siy D-o—A dariniy nejprasty emisiniy savybiy, uzfiksuoty
laike—koreliuotos spektroskopijos budu, analizé.

Visy pirma, buvo pastebéta, jog greitoji uzdelstoji komponenté, ankséiau
ivardinta kaip itin sparti TADF emisija, tebuvo jprasta kruvio pernasos (CT)
fluorescencija. Nejprastai ilgos gesimo trukmés 37-470 ns buvo nulemtos itin
mazy osciliatoriaus stiprio verciy ir silpnos HOMO-LUMO saveikos, todél jos
buvo ilgesnés dariniams su stipresniais donoriniais fragmentais. Dél létos ge-
simo spartos, pradiné fluorescencija buvo gesinama deguonies, ta¢iau nedemon-
stravo temperaturinés aktyvacijos budingos TADF emisijai. Tuo tarpu antroji
uzdelstoji komponenté spartéjo stipréjant donorui bei mazéjant AFEgt tarpui,
taip pat demonstravo temperatiiring aktyvacija, todél buvo priskirta TADF
uzdelstajai fluorescencijai.

Placiau isanalizavus laike isskirtus tirpaly fluorescencijos spektrus buvo
pastebéta, jog pirmoji ir antroji komponentés kyla i$ skirtingy buseny su ki-
tokiomis emisijos smailiy vertémis. Atlikus tyrimus skirtingose tirpaly kon-
centracijose bei klampumuose paaiskéjo, jog antroji TADF komponenté kyla is
tarpmolekulinés saveikos — eksipleksy formavimosi.

Kietoje polimero matricoje, esant Zemai molekuliy koncentracijai tarp-
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molekuliné sgveika buvo iSjungta, taciau sumazéjus nespindulinés rekombinaci-
jos spartai, abi komponentés — tiek pradiné fluorescencija tiek uzdelstoji TADF
emisija — atsiranda i$ vidujmolekulinés kruvio pernasos busenos.

Galy gale, grynuose sluoksniuose dominavo TADF emisija i$ eksipleksy.
Keic¢iant spinduolio koncentracija PMMA matricoje 0.1-100 wt% réziuose, buvo
stebimas palaipsnis emisijos smailés slinkimas nuo budingo vidujmolekulinei
emisijai iki budingo tarpmolekulinei emisijai. Optimaliausios TADF salygos
buvo pasiektos 20 wt% sluoksnyje, kadangi aukstesnése koncentracijose efekty-
vumas krito dél eksitony migravimo ir gesinimo defektuose.

Sis tyrimas parodé, jog D-o-A architektiira néra patraukli vidujmolekuli-
niams TADF spinduoliams dél labai silpnos donoro—akceptoriaus sgveikos.

TADF spinduoliy optimizacija

Paskutinéje disertacijos dalyje buvo optimizuojamos jvairios D—A spinduoliy
strukturos, siekiant sukurti nasius TADF Sviestukus. Sparciai tobuléjanti
OLED technologija jau demonstruoja sviestukus su iSoriniu kvantiniu nasumu
(EQE) siekian¢iu beveik 40 %, be specialiy iStrukos gerinimo technologijy
[30,36,110]. Taciau dideli efektyvumai dazniausiai pasiekiami Zalios — geltonos
spalvos spinduoliams. Tuo tarpu sodrios mélynos (CIE y koordinaté < 0.1)
emisijos Sviestukai, geidziami spalvoty ekrany rinkoje, retai virsija 20 % efek-
tyvumo vertes. Nelengva ispildyti mazos konjugacijos, aukstos tripleto energi-
jos ir tinkamos D—A strukturos reikalavimus reikalingus mélynam spinduoliui.
Pirimidino-karbazolo dariniai yra sékmingai naudojami kaip auksto triple-
tinio lygmens matricos, tac¢iau retai kada taikomi kaip spinduoliai. Dél auksto
tripleto ir demonstruojamos kambario temperaturos fosforescencijos (RTP),
kuri daznai mena apie palankia TADF energetine struktura [121], buvo nus-
presta optimizuoti §j darinj, o rezultatai publikuoti straipsnyje [A5].
Karbazolo donoras buvo praturtintas 3,6-di-tert-butilo fragmentais siekiant
sustiprinti jo elektrony donoro savybes. Papildomai, pirimidino akceptorius
buvo papildytas metilo grupe 5-oje pozicijoje siekiant iSsukti ir sustandinti
molekule, taip sumazinant HOMO ir LUMO sanklota. Galiausiai, sunkus
sieros atomas buvo prijungtas prie akceptoriaus norint paspartinti rISC sparta,
sustiprinant sukinio—orbitos saveika. Pradiniai DFT skaic¢iavimai atskleide, jog
modifikacijos sumazino AFEgt tarpa nuo 540 meV iki 289 meV, tac¢iau beveik
nepakeité Zemiausio tripletinio lygmens energijos (nuo 3.15eV iki 3.14 meV).
Skaiciavimus patvirtino ir emisijos spektrai, kur fluorescencijos smailé pasis-
linko nuo 379 nm iki 423 nm, o fosforescencijos spektras isliko beveik nepak-
ites, taip sumazinant AFgr iki 290meV 10wt% DPEPO aplinkoje. Nors
pirminis karbazolo-pirimidino darinys pasizyméjo tik silpna RTP emisija véles-
niuose laikuose, optimizacijos jgalino uzdelstaja fluorescencija modifikuotame
darinyje, kurios iSeiga sieké 42 %. TADF prigimtis buvo patvirtinta tempera-
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turine aktyvacija ir jautrumu deguoniui.

Panaudojus modifikuotg karbazolo-pirimidino darinj kaip spinduolj buvo
sukurtas meélynas (CIE koordinatés (0.16, 0.12)) TADF Sviestukas siekiantis
8.7 % isorinj naguma, taigi modifikacijy nauda pasitvirtino.

Dar viena optimizacijos strategija buvo pritaikyta prapléstos konjugacijos
karbazolo—difenilpirimidino (1CbzPYR) karkasui publikacijoje [A6]. Energi-
jos tarpas tarp zemiausiy singleto ir tripleto lygmeny buvo sumazintas prijun-
giant po du karbazolo donorus prie akceptoriaus fenilo ziedy meta pozicijose
(2CbzPYR). Galiausiai buvo jspraustas ir trecias karbazolas para padétyje
(83CbzPYR) kuris dél sterinés saveikos su gretimais donorais stipriai apribojo
ju sukiojimosi laisve, panasiai kaip anksciau minétame 4CzPN darinyje.

Pradiniai DFT skai¢iavimai parodé, jog dariniai su stambesniais donorini-
ais pakaitais pasizymeéjo didesniais susisukimo kampais tarp donory ir akcep-
toriaus (nuo 52° iki 67.8°). Kaip ir tikétasi didesnis kiekis karbazoly sumazino
AEgt tarpg, nors darinyje su trimis karbazolais jis Siek tiek iSaugo, lyginant su
2CbzPYR, dél padidéjusios HOMO-LUMO sanklotos (atitinkamai 290, 100
ir 140 meV dariniams 1CbzPYR, 2CbzPYRir 3CbzPYR).

Prapléstos konjugacijos jtaka buvo stebima emisijos spektruose, dariniuose
su didesniais pakaitais emisijos smailé (1 wt% PMMA sluoksnuose) slinkosi }
raudonajg puse nuo 408 nm iki 446 nm. Eksperimentiskai jvertintas energi-
jos tarpas tarp zemiausiy singletiniy ir tripletiniy buseny atitiko teorinius
skai¢iavimus ir buvo atitinkamai 480, 270 ir 320 meV dariniams 1CbzPYR-
3CbzPYR, nors 3CbzPYR junginio AFEgt tarpa pavyko sumazinti iki
110 meV poliskesnéje DPEPO aplinkoje.

Nors molekulé su dvejais karbazolo pakaitais pasizyméjo menkiausiu A Egr
tarpu, jos nasumas buvo maziausias (2CbzPYR darinio ®p;, = 0.22,
tuo tarpu 1CbzPYR ir 3CbzPYR iseigos buvo atitinkamai 0.66 ir 0.81
1wt% PMMA sluoksniuose). Atlikus emisijos kinetikos analiz¢ paaiskéjo,
jog zema 2CbzPYR darinio nasuma lemia léta spinduliaciné rekombinacija
(0.7 x 10”s71) bei sparti interkombinaciné konversija i tripletinius lygmenis
(11 x 107 s71), kuriuose suzadinimai yra gesinami stiprios nespindulinés vid-
inés konversijos (kI = 2.2 x 105s71). Nors junginys ir pasizyméjo didele
ISC sparta, dél létos spindulinés spartos termiskai aktyvuoto rISC proceso
metu sugeneruoti singletiniai suzadinimai buvo cikliskai konvertuojami atgal i
tripletines busenas. Kietesné 3CbzP YR molekulés konfiguracija sumazino ne-
spindulinius triplety gesinimo kelius bei paspartino spinduling singlety rekom-
binacija kas nulémé auksta darinio iSeiga su stipria uzdelstaja emisija (Prapr =
0.33). Kietesné molekulés sandara taip pat sumaZino konformacinés netvarkos
nulemta raudonajj spektro poslinkj.

Panaudojant 3CbzPYR darinj kaip spinduolj OLED prietaise buvo sukur-
tas nasus (EQE= 19.7%) meélynas (CIE koordinatés (0.16, 0.23)) Sviestu-
kas, kurio elektroliuminescencijos smailés verté sieké 473 nm. Taigi karbazoly
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skaiCiaus bei pozicijos keitimas leido optimizuoti TADF emisija karbazolo-
difenilpirimidino dariniuose, kontroliuojant singleto spinduling bei tripleto ne-
spinduline spartas, o ne mazinant HOMO ir LUMO sanklota.

Literaturoje pristatomi dideli OLED iSoriniai kvantiniai nasumai daZni-
ausiai pasiekiami esant labai mazam Sviestuko rySkumui ir staigiai krenta
esant intensyviam skaisc¢iui. Vienas i§ budy sumazinti efektyvumo krytj
yra TADF gesimo trukmés trumpinimas, kadangi ilga rekombinacijos trukmé
igalina singleto—tripleto, tripleto—tripleto bei kitus kruvininky anihiliacijos ke-
lius [89,98,112]. Norint sutrumpinti TADF emisijos trukme modifikacijoms
buvo pasirinktas darinys sudarytas is difenilpirimidino akceptoriaus bei fenok-
sazino donoro (PXZ-PYR). Si molekulé pasirinkta dél zinomo gero nasumo
zaliuose $viestukuose (EQE 19.9%) bei trumpos uzdelstosios fluorescencijos
gyvavimo trukmeés (rrapr = 2.56 ps) [136]. Siekiant paspartinti rISC procesa
darinio akceptoriaus fenilo fragmentai buvo modifikuojami metilo grupémis
orto (PXZ-mdPYR), meta (PXZ-muPYR) arba orto ir meta (PXZ-
2mPYR) padétyse, o rezultatai buvo publikuoti [A4] straipsnyje.

Fotofizikiné emisijos savybiy analizé parodé, jog metilo modifikacijos leido
kontroliuoti fluorescencijos spalva 100 meV intervale nuo 543 nm (smailés pozi-
cija) nemodifikuotam PXZ-PYR iki atitinkamai 530, 528 ir 519 nm darini-
ams PXZ-muPYR, PXZ-mdPYRir PXZ-2mPYRtolueno tirpaluose. Fos-
forescencijos spektre buvo stebima vibroniné struktura, budinga lokaliai suzad-
intai busenai, o juy smailiy pozicijos sutapo visuose dariniuose, nors minksciau-
sio PXZ-PYR junginio vibroniné struktura buvo ganétinai iSplitusi, o smailés
susilieje. Taigi, visy dariniy fosforecencija kilo i to pacio donoro fragmento,
o jvertintos AFEgr vertés buvo atitinkamai 10, 70, 150 ir 130eV dariniams
PXZ-PYR, PXZ-muPYR, PXZ-mdPYRir PXZ-2mPYR.

Visy molekuliy emisijoje buvo stebima pradiné fluorescencija bei uzdelstoji
TADF emisija. Atlikus laike—koreliuotos spektroskopijos analize tolueno tir-
paluose buvo pastebéta keltas idomiy savybiy:

o Metilo pakaitai meta padétyje (dariniai PXZ-PYR ir PXZ-muPYR)
apribojo donoro fragmento sukimosi galimybes, todél sumazéjo HOMO—-
LUMO sanklota kartu paspartinusi TADF emisijos trukme.

o Atgalinés interkombinacinés konversijos sparta (rISC) buvo maZesné
dariniams su tokiu paciu donoro minkstumu, taciau turintiems orto
metilo grupe, kuri lémeé didesnj energijos tarpa tarp lygmeny 'CT-°LE,
t.y.  kuage nukrito nuo 1.8 x 108 iki 0.7 x 109s~! molekuléms PXZ-
PYR ir PXZ-mdPYR su lanks¢iu donoro fragmentu, o rISC sparta
sumazéjo nuo 6.5 x 10¢ iki 2.5 x 10°s~! junginiams PXZ-muPYR ir
PXZ-2mPYR su kietesne donorine grupe.

o Pastebétas rISC spartos isaugimas dariniams su labiau erdviskai fik-

suotais donoro fragmentais, mazesne vidinés konversijos sparta ir kartu
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mazesne vibronine sgveika tarp LE ir 3CT lygmeny (lyginant PXZ-
PYR su PXZ-muPYR arba PXZ-mdPYR su PXZ-2mPYR). Tokio
nejprasto reiskio priezastimi buvo jvardintas sumazéjes energijos tarpas
tarp buseny °LE ir 3CT.

o Auksta darinio PXZ-muPYR TADF kvanting iSeiga (®rapr = 0.42)
nulémé sparciausi ISC ir rISC procesai, taciau junginyje PXZ-2mPYR
su ganétinai létesne rISC sparta, kieta molekulés struktura sumazino ne-
spindulinés vidinés konversijos spartg taip leisdama pasiekti panasia 0.43
TADF iseiga.

e Junginys su meta metilo grupe pasizyméjo rekordine TADF trukme kuri
sieké 800ns tolueno tirpale bei 860ns kietoje 10wt% DPEPO terpéje.
Tokia greita sparta kietoje terpéje buvo pasiekta, dél sparcios atgalinés
interkombinacinés konversijos, kuri sumenkino konformacinés netvarkos
padarinius.

Aukstos TADF kvantinés iseigos bei didelé sparta leido sukurti labai nasius
OLED prietaisus su valdoma elektroliuminescencijos spalva nuo zalios (smailés
pozicija ties 536 nm) spinduoliui PXZ-PYR iki zydros (smailé ties 502 nm) su
meta ir orto metilais modifikuotu PXZ-2mPYR spinduoliu. Buvo pasiekti
vieni didziasiy OLED nasumy fenoksazino ir pirimidino dariniams: iSorinis
kvantinis nagumas atitinkamai 27.9, 29.1, 27.5 ir 26.3 % dariniams PXZ-PYR,
PXZ-muPYR, PXZ-mdPYR ir PXZ-2mPYR. Negana to, junginys su
meta metilo pakaitais bei sparcia TADF fluorescencija islaike 20.5 % prietaiso
nasuma prie auksto §viesinio 1000 cd/m? skais¢io. Aukstos OLED efektyvumo
vertés kartu su nedideliu juy kryciu, esant aukstam emisijos ryskumui, yra
konkurencingos su geriausiais siuo metu zinomais TADF $viestukais.
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Isvados

Atliekant darba buvo padarytos tokios isvados:

1.

Dél TADF specifikos, naSiai uzdelstajai emisijai yra reikalingas Sioks
toks molekulés minkstumas, kuris nulemia konformacine netvarka kietoje
aplinkoje, isSaukiant nepageidaujamus efektus: emisijos spektro isplitima
ir slinkimasi j raudonaja puse, taip pat, iSilgéjusia gesimo trukme, kas
lemia sviestuko efektyvumo krytj prie didesniy Sviesiniy skaisCiy. Visy
Siy nepalankiy efekty galima isvengti standinant molekulés karkasa arba
spartinant atgaline interkombinacine konversija.

. Donoro ir akceptoriaus jungimas hyperkonjuguotu o jungtuku nulemia

labai silpna saveika tarp donoro ir akceptoriaus, dél to Zema spin-
dulinés rekombinacijos sparta sunkiai sugeba konkuruoti su nespindulini-
ais kanalais bei yra gesinima deguonies, todél §i molekulés architektura
néra lengvai taikoma TADF spinduoliams.

. Donor—akceptorinés molekulés i§ karabazolo ir pirimido optimizacija,

prapleciant karbazolo donoriskuma tert-butilo fragmentais, iSsukant frag-
mentus metilo pagalba bei jterpiant sunky S atoma, jjungé uzdelstaja
emisija nepakeitus tripletinio lygmens energijos. IS Sio spinduolio buvo
pagamintas Sviestukas su sodriai meélyna emisija (CIE koordinatés (0.16,
0.12)) ir salyginai auksStu iSoriniu kvantiniu efektyvumu 8.7 %.

. Donoriniy karbazoly vienety didinimas bei jungimo pozicijos variacija

karbazolo—fenilpirimidino strukturoje leidzia sumazinti AFEgr tarpa bei
uzdaro nespindulinius kelius dél ,uzgrustos“ geometrijos. Molekulé su
trigubo karbazolo donoru pasizymeéjo geru nasumu (81 %) ir buvo pri-
taikyta sukuriant nasuy (iSorinis kvantinis efektyvumas 19.7 %) meélynos
spalvos (elektroliuminescencijos CIE koordinatés (0.16, 0.23)) organinj
Sviestuka.

. Modifikuojant fenoksazino—fenilpirimidino struktura, mazais metilo frag-

mentais ties jungiamuoju fenilo Ziedu, buvo manipuliuojamos TADF
emisijos savybés: elektroliuminescencijos spalva buvo kei¢iama nuo
zalios (smailé ties 536 nm) iki zydros (502 nm); meta-metilo modifikacija
sumazino 'CT-*LE ir 3CT-3LE energijos tarpus, taip pagreitindama rISC
sparta bei kartu leido pasiekti vieng maziausiy TADF gyvavimo truk-
miy (860ns) kietoje terpéje. Sis darinys OLED konfiguracijoje demon-
stravo gera efektyvuma (iSorinis nasumas 29.1 %) su mazu nasumo kryciu
(20.5 % nasumas esant 1000 cd/m? $viesiniam skaiséiui ).
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Large vibronic coupling between the local and charge-transfer triplet
states is required for efficient reverse intersystem crossing in TADF
compounds. This is ensured by low steric hindrance between donor
and acceptor molecular units. However, flexible molecular cores show
large conformational disorder and emission wavelength instability in
solid films.

According to the spin statistics, 75% of excitons formed in OLED
devices are of non-emissive triplet nature, limiting their efficiency.
Thermally activated delayed fluorescence (TADF) is the most
promising pathway for triplet harvesting, since TADF compounds
are cheaper and much more stable' than rare-earth metal based
phosphorescent emitters widely used for display applications. Like-
wise, TADF OLEDs already show pronounced stability? and their
external quantum efficiency (EQE) reaches exceptional values of
about 40%” similar to the benchmark devices. All this makes TADF
OLEDs perfect candidates to replace expensive phosphorescent
OLEDs for applications in flat-panel screens and lighting in near
future. The utilization of non-emissive triplet states in TADF
emitters is achieved by thermally activated reverse intersystem
crossing (r1SC)," which is possible in molecular compounds with
low singlet-triplet energy (AEsr) gaps. Although several possible
molecular geometries were suggested,"> TADF emitters mostly are
constructed from single-bonded donor (D) and acceptor (A) units.
In such a geometry donor and acceptor units are twisted to nearly
orthogonal angles™® due to a steric hindrance ensuring a low
overlap of m-electron orbitals in the HOMO and LUMO and
sufficiently low AEs;. However, steric hindrance between the D
and A fragments should not be too large, as the strong restriction of
twisting of the D-A fragments may reduce the vibronic coupling
between localized (*LE) and charge transfer (°CT) triplet states,
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which is mandatory for efficient r1SC,”® and reduce the 11SC rate.
This requirement for a labile molecular core brings several inter-
esting and unexpected effects. In dilute solutions, minor dispersion
of D-A twist angles may be observed, having negligible effect on
excited state relaxation. However, it becomes especially important
in solid films, where molecules are frozen in conformations with a
large variation of the molecular geometry. The existence of fixed
molecular conformers in solid hosts causes the dispersion of 'CT
energies and AEg; gaps, which has great importance in TADF
properties.’® There were several reports showing that conforma-
tional disorder of a molecular structure in solid hosts causes the
temporal shifts of prompt and delayed fluorescence (PF and DF,
respectively),'"®™"® resulting in multiexponential DF decay with
prolonged lifetime. However, the impact of conformational
disorder on fluorescence properties, its relation to the rISC rate
and methods to reduce the disorder, despite its importance, still
are scarcely studied.

In this work we investigate the conformational disorder in solid
films of phenothiazine-pyrimidine TADF compounds and its
relation to emission properties. Compounds were designed to
have different lability of the molecular structure and different
reverse intersystem crossing (rISC) rate. A phenothiazine
electron-donor unit was selected because of its ability to form
several conformations, increasing the number of possible molecular
structure arrangements in the solid state. We show that the variation
of molecular structure rigidity of phenothiazine-pyrimidine com-
pounds has only minor impact on conformational disorder and
emission properties, while the rISC rate was found to have
crucial importance in TADF properties.

The molecular structures and synthetic routes of phenothiazine—
pyrimidine compounds PTZ-mPYR, PTZ-mPYRCI and PTZ-2mPYR
are depicted in Scheme 1. Compounds PTZ-mPYR and PTZ-mPYRCI,
designed to have different ISC and 1ISC rates by involving a heavy
atom effect, were synthesized by Suzuki-Miyaura coupling of
4,6-dichloro-(1a) or 2,4,6-trichloropyrimidines (1b) with boronic acid
2 in the presence of Pd(OAc),/PPh;/Na,CO; as a catalyst system in
79% and 60% yields, respectively. Compound PTZ-2mPYR, designed
to have a less labile molecular core than PTZ-mPYR, was synthesized
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Scheme 1 The synthetic routes of PTZ-mPYR, PTZ-mPYRCl and PTZ-2mPYR.
Reagents and conditions: (i) Pd(OAc), (10 mol%), PPhs (20 mol%), Na,COs aq
(6.2 equiv.), glyme/H,O, Ar, 90 °C, 24 h; (i) phenothiazine, Pd(OAc), (5 mol%),
P(t-Bu)s-HBF, (10 mol%), NaOt-Bu (4 equiv.), toluene, Ar, 100 °C, 24 h.

by a two-step protocol. Firstly, 4,6-dichloropyrimidine 1a was coupled
with boronic acid 3 to afford 4,6-bis(4-bromo-3,5-dimethylphenyl)-
pyrimidine (4) in 80% yield. Then intermediate 4 was coupled with
phenothiazine using the Buchwald-Hartwig amination reaction
conditions to give the target PTZ-2mPYR in 73% yield. The synthetic
details and characterization of the synthesized phenylboronic
acids 2 and 3 and target compounds PTZ-mPYR, PTZ-mPYRCI and
PTZ-2mPYR are presented in the ESL

Cyclic voltammetry analysis revealed that the energies of the
HOMO were in the range of about —5.05 to —5.12 eV and those
of the LUMO were in the range of —2.46 to —2.79 eV (see Fig. S1
and Table S1 in the ESIf for details).

DFT simulations were employed to optimize the molecular
structure and estimate S, — S,/T), transition energies for different
phenothiazine orientations (see Fig. S2 and Table S2 in the ESIY).
Two main possible molecular conformations of a phenothiazine
donor group™™ were found, when phenothiazine is oriented
perpendicular (quasi-equatorial arrangement, QE) or parallel
(quasi-axial arrangement, QA) to the bridging phenyl group. Only
the QE conformer state was found for PTZ-2mPYR where the rotation
of the phenothiazine unit was impeded by additional methyl groups
(see Fig. S3 in the ESIt)."* The total potential energies of all
possible conformers differed by ~30 meV (see Fig. S4 and Table S3
in the ESIY), thus all arrangements (including mixed QA-QE) may
co-exist.'"'?° Different m-electron distribution patterns were found
for QA, QA-QE and QE conformers. Low overlap of electron density
in the HOMO and LUMO was found for QE conformers, while in QA
conformations remarkable overlap was observed due to the low twist
angle of the phenothiazine unit. QE and QE-QA conformers showed
the lowest S, — S; transition energies (~2.56-2.98 eV) with
negligible oscillator strengths (<0.001), however low AEgy gaps up
to 20 meV were estimated only for QE-oriented structures. QA
conformers showed remarkably larger S, — S; absorption energies
(~3.23-3.4 eV) with remarkably larger oscillator strengths (~1.01)
and AEgr gaps of about 440 meV. TADF is expected only from QE
conformers, while for QA states a negligible rISC rate is expected.

The absorption and fluorescence spectra of phenothiazine-
pyrimidine compounds were analysed in dilute solutions and
polymer films. The absorption and emission spectra in toluene
are shown in Fig. 1. The absorption spectra showed a broad peak
at 320-375 nm (with molar absorption coefficients of about
10" mol™* em ™) of QA conformers (for compounds PTZ-mPYR
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Fig. 1 Absorption and fluorescence spectra of the dominant *CTqe band
of phenothiazine-pyrimidine compounds in dilute toluene solutions.
Excitation wavelength was 360 nm.

and PTZ-mPYRCI) followed by a low intensity absorption band tail
in the range of about 400-450 nm of QE states, typically for pheno-
thiazine TADF compounds™*™"” and in-line with the DFT-predictions.
The fluorescence spectra of 1CTQE states, after excitation with
360 nm light, peaked in the range of 544-575 nm. Broad and
structureless spectra were of intramolecular charge-transfer (ICT)
nature. Modification of phenyl fragments with methyl substituents
enabled tuning of the FL peak energy for 40 meV due to varying
HOMO-LUMO overlap (see Fig. S2 in the ESI}),** while the intro-
duction of Cl atom redshifted the FL peak energy of 170 meV up to
575 nm for PTZ-mPYRCL

The presence of different phenothiazine conformations,
predicted by DFT simulations, was shown by measuring the
fluorescence excitation spectra (see full fluorescence spectra in the
log scale in Fig. S5 in the ESIT). Three distinct emission bands were
observed for compounds PTZ-mPYR and PTZ-mPYRCI after excita-
tion with 300-350 nm light: low intensity 'LE (at about 300-400 nm)
and 'CTq, (“CT fluorescence from QA conformations) at about
400-450 nm together with very intense 'CTqg fluorescence
(*CT fluorescence of QE conformations) at 544-575 nm. Only
'CTqg emission was observed by exciting into the absorption tail
at 410-450 nm. Other phenothiazine-based TADF compounds
with a similar molecular structure also have shown fluorescence
spectra composed of peaks from QA and QE conformers'*™¢2*
and dominating 'CTqg emission. In contrast, only 'LE and 'CTqg
fluorescence peaks were observed for PTZ-2mPYR for all excita-
tion wavelengths, when the formation of QA conformers was
impeded by an extra methyl group.>>

'CToa and 'CTq emission peaks were also observed in the
emission spectra of compounds PTZ-mPYR and PTZ-mPYRCI
embedded in the PMMA host, while only 'CTq; emission was
observed for PTZ-2mPYR (see Fig. 2a and b and Fig. S6 in the ESL
black curves). Emission energies were slightly blueshifted in respect
of toluene due to the lower dipole moment of PMMA. Singlet-triplet
energy gaps between 'CTqr and ’LE states were estimated to be in
the range of 151-187 meV, small enough to observe thermally
activated rISC*' (see Fig. S7 in the ESIf). AEsr gaps for QA con-
formers were too large for triplet upconversion. The presence of
TADF was showcased by the temperature activation of delayed
fluorescence (see Fig. S8 in the ESIf) and by comparing time-
integrated fluorescence (TIFL) spectra in oxygen-sufficient (O,")
and deficient (O, ) ambient environments (see Fig. 2c and d and

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a and b) Time-integrated fluorescence spectra of 1 wt% PMMA
films of PTZ-mPYR and PTZ-mPYRCI, respectively, in oxygen-sufficient
(O,*, black lines) and oxygen-deficient (O,~, red lines) surroundings.
(c and d) Time-resolved fluorescence spectra of 1 wt% PMMA films of
PTZ-mPYR (c) and PTZ-mPYRCL (d) in O, surrounding. Numbers close to
Fl spectra denote delay times (1.25 ns for black lines, 260 ns for yellow
lines, 40 ps for dark blue lines and 48.5/88.4 ms for the last spectrum).
Vertical lines are guides for eyes.

Fig. 6 in the ESIt). TIFL intensity remarkably increased due to
the weakened triplet state quenching by oxygen. Along with that, an
unexpected effect was observed. The fluorescence peaks of com-
pounds PTZ-mPYR and PTZ2mPYR were redshifted for about
150 meV upon oxygen removal and TADF enhancement, while for
PTZ-mPYRCI the emission peak energy remained the same.

The nature of such intriguing behaviour was revealed by
analysing the temporal evolution of fluorescence spectra (see
Fig. 2(c and d) and Fig. S6 in the ESIT). Emission peak energy was
found to be time-dependent. Initially, the redshift was observed
during the first 250-300 ns, followed by a blueshift later.
The observed fluorescence shifts are caused by conformational
disorder, the concept of which was elegantly introduced by
Northey et al'® and experimentally observed by others.'**?
Briefly, flexible donor-acceptor cores of TADF compounds are
“frozen” in solid films with different twist angles between donor
and acceptor fragments inducing the dispersion of 'CT energies
and AEsr values. Conformations with the largest 'CT energies
have the largest oscillator strengths, and thus are expected to
emit first, inducing a gradual redshift of PF. For DF, the opposite
trend is observed due to exponential rISC rate dependence on
AEgr: conformations with the lowest 'CT energies and smallest
AEgy gaps will emit first, inducing the gradual blueshift of TADF
spectra. In our case, only 'CTqg fluorescence with pronounced
CT characteristics was affected by conformational disorder. In
ambient air (see Fig. S9 in the ESIT), the estimated redshift of the
'CTqe peak varied in the range of 280-380 meV (280 meV,
340 meV and 380 meV for PTZ-mPYRC], PTZ-mPYR and PTZ-
2mPYR, respectively), while the largest blueshift was estimated
for PTZ-mPYRCI (110 meV) and for the rest of the compounds the
blueshift was remarkably lower (40 meV for both PTZ-mPYR and
PTZ-2mPYR). Under O,  conditions, the temporal evolution of
prompt fluorescence was the same as in ambient air, however
the delayed emission showed enhanced intensity at the latest
delays (see Fig. S10 in the ESIt) followed by enlarged blueshift.

This journal is © The Royal Society of Chemistry 2019
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The largest blueshift in ambient O,” was estimated for PTZ-
mPYRCI (130 meV), which was almost the same as in ambient
air. For PTZ-mPYR and PTZ-2mPYR, the blueshift was larger than
in ambient O," (80 meV and 60 meV, respectively), however it still
was markedly smaller than for PTZ-mPYRCI. In this way, the TIFL
spectra of prompt and delayed emission peaked at different wave-
lengths in ambient O," and O, for PTZ-mPYR and PTZ-2mPYR.

To find out why we observe a weaker blueshift for PTZ-mPYR
and PTZ-2mPYR than that for PTZ-mPYRCI, fluorescence decay
transients were analysed (see Fig. 3). Firstly, O,  toluene
solutions were analysed in order to estimate the ISC and rISC
rates. Double-exponential decay of prompt and delayed fluores-
cence at the 1CTQE peak was observed. TADF lifetime was
comparable for PTZ-mPYR and PTZ-2mPYR (11 and 6 s,
respectively), while for PTZ-mPYRCI it was remarkably shorter,
reaching 1.1 ps. Such short TADF lifetime is comparable to the
benchmark values.> The most rapid TADF decay was followed
by the largest delayed fluorescence/prompt fluorescence intensity
(DF/PF) ratio of 1.2 for PTZ-mPYRCI, while for PTZ-mPYR and
PTZ2mPYR it was remarkably lower (0.3 and 0.03, respectively).
TADF dominated in the emission of PTZ-mPYRCI while for
PTZ-mPYR and PTZ-2mPYR the TADF intensity was lower despite
almost the same AEgr gaps. TADF enhancement in PTZ-mPYRCI
was promoted by an internal heavy atom effect, enhancing spin-
orbit coupling constant, crucial for intersystem crossing (ISC) and
11SC.** The estimated TADF parameters are listed in Table S4 in the
ESL The enhanced spin-orbit coupling for PTZ-mPYRCI resulted in
the most rapid rISC rate, which reached 2 x 10° s, about 12-17
times larger than for other compounds. The least efficient TADF for
compound PTZ-2mPYR could be related to the restricted twisting of
the phenothiazine donor fragment, which was shown to be the
reason for a negligible rISC rate in similar phenothiazine-based
TADF emitters’ due to decreased coupling of *LE and °CT states,
crucial for efficient TADF.”

Fluorescence decay transients of PMMA films at the domi-
nant 'CTqg peak showed different properties as compared to
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Fig. 3 Normalized 'CTqe fluorescence decay transients of phenothia-

zine—pyrimidine compounds in toluene (a) and 1 wt% PMMA films (b). Blue
lines are biexponential fits.
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dilute solutions. The decay of PF was rather typical however the
DF decay was multiexponential with remarkably prolonged life-
time due to the conformational disorder. It resulted in tremen-
dously enhanced DF/PF ratios of up to 33.5 (11.8, 8 and 33.5 for
PTZ-mPYR, PTZ-mPYRCI and PTZ-2mPYR, respectively). Due to
the multiexponential decay profile the TADF decay time and the
rISC rate could hardly be correctly evaluated for compounds
with such large conformational disorder, however it is clear that
PTZ-mPYRCI still showed the most rapid TADF decay.

As we can see from the previous results, stable emission in
PMMA films was observed for PTZ-mPYRCI with the fastest
TADF decay. In this case, the TIFL spectra of delayed fluores-
cence in both ambient O," and O, were very similar, thus no
noticeable shift of the total TIFL spectrum after oxygen removal
was observed. In contrast, the latest delayed fluorescence was
missing for PTZ-mPYR and PTZ-2mPYR even under O, conditions,
which was completely suppressed by unknown quenchers. The lack
of DF from the conformers with the largest "CT energy disturbed the
high-energy shoulder of the TIFL spectrum, resulting in a redshift of
its peak. Interestingly, the enhanced rigidity of the PTZ-2mPYR
molecular core did not reduce the conformational disorder (for all
compounds the redshift was rather comparable) and TIFL peak
shift. Probably more sophisticated methods should be used to
reduce the lability of such phenothiazine-pyrimidine cores. Another
possible pathway to achieve low conformational disorder and stable
emission wavelength for TADF compounds with slow TADF decay
and flexible molecular cores is to use more rigid polymer or small-
molecule hosts, impeding the conformation of molecular cores.'®

In summary, three phenothiazine-pyrimidine TADF com-
pounds with different molecular geometries were synthesized
and comprehensively analysed by time-resolved spectroscopy.
All compounds showed pronounced conformational disorder
governing their emission properties. TADF efficiency and the
rISC rate were altered by introducing heavy atoms due to
enlarged spin-orbit coupling. A 150 meV redshift of the emis-
sion peak in solid films was observed after oxygen removal for
compounds with a low rISC rate, while no shift was seen for
compounds with rapid rISC. Such unusual behaviour was
caused by the quenching of the long-lived DF bearing the
largest 'CT energy even in ambient O, resulting in the loss
of the high-energy shoulder of TIFL spectra. Only minor
quenching of the latest delayed emission and no noticeable
shift of the TIFL spectrum were observed for compounds with
rapid rISC. Our results showcase the importance of the large
rISC rate in the TADF properties. We have shown that the
emission energy of TADF compounds in solid films may
depend not only on the conjugation length, but also on some
unexpected parameters, such as the rISC rate or molecular core
rigidity. This should be taken into account while designing
novel TADF compounds.
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Introduction

Origin of dual emission in ¢-bridged

donor—acceptor TADF compounds
Rokas Skaisgiris, 2@ Tomas Serevicius, 2 ** Karolis Kazlauskas, (22 Yan Geng,”
Chihaya Adachi @ *“ and Saulius Juréénas®

The desire to boost the reverse intersystem crossing rate and obtain thermally activated delayed
fluorescence with sub-microsecond lifetime fosters the search for novel concepts of molecular
geometry. Recently, TADF compounds made of acridine, tetramethylcarbazole and triphenylamine
donor and triphenyltriazine acceptor units bound by hyperconjugated spacer units were introduced as
having very rapid double TADF decay. Here we present an in-depth time-resolved fluorescence analysis
of these intriguing donor—c—acceptor TADF compounds in various surroundings. Extremely weak coupling
of electron-donating and electron-accepting units was found for the o-bridged TADF compounds, resulting
in the coexistence of intramolecular and exciplex fluorescence, whose interplay allowed one to tune the
emission properties. The initial fluorescence decay in toluene solutions, previously attributed to rapid TADF,
was shown to be prompt intramolecular fluorescence with prolonged fluorescence lifetime, susceptible to
molecular oxygen. Only the later delayed fluorescence at the microsecond time-scale, originating from the
exciplex states, was attributed to TADF. On the contrary, dominant intramolecular TADF was observed in
dilute PMMA films with weaker non-radiative decay. The smooth transition from intramolecular to exciplex
TADF was observed by increasing the doping concentration of the polymer films. The DF/PF ratio was found
to increase with increasing doping concentration due to the emergence of additional exciplex TADF until a
20 wt% doping load, where concentration quenching emerged at larger doping ratios. The presented
findings showcase the unusual fluorescence properties of TADF compounds with weakly bound donor and
acceptor units and are important for the future design of novel TADF compounds.

limiting their external quantum efficiency (EQE) to up to about
5%. Later, a new class of phosphorescent emitters employing

Organic light emitting diodes (OLEDs) are highly attractive for
lighting and display applications due to their unmatched
contrast ratio, lightness and flexibility. The long history of
OLED science, dating back to the report by Tang and Van
Slyke," mostly was devoted to the improvement of the external
quantum efficiency (EQE), which was limited by the dark triplet
states. The singlet exciton yield of electrically injected charge
carriers for 1st generation fluorescent OLEDs is only 25%,
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the internal heavy atom effect was introduced.” The involvement
of heavy rare-earth atoms, e.g., iridium, resulted in the remarkable
enhancement of the spin-orbit coupling, converting all excitons
to short-lived triplet ones. This strategy allowed one to reach
100% internal quantum efficiency (IQE) and an EQE of 20% for
phosphorescent OLEDs.” However, phosphorescent compounds,
especially blue emitters, suffer from instability. Moreover, the
requirement of rare-earth metals increased the cost of devices
and raised concerns over their toxicity. The stability and high-
cost issues were solved by introducing 3rd generation all-organic
emitters employing thermally activated delayed fluorescence.*”
In this case, molecular compounds are designed to have small
singlet-triplet energy splitting (AEsy), where the triplet excitons
are thermally assisted to perform reverse intersystem crossing
with internal quantum efficiencies up to 100%.%” Several different
approaches for the realization of small AEsr were suggested:
minimization of the exchange interaction by using donor-acceptor
molecular compounds,”® utilization of multiple resonance effects®
or by employing the excited-states.”' Yet, the donor-acceptor core
still is the mostly used TADF design. In this case efficient reverse
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intersystem crossing (rISC) is achieved by minimizing the
exchange energy, which is directly proportional to the HOMO-
LUMO overlap,'* and ensuring strong vibronic coupling between
the localized (°LE) and charge-transfer (*CT) triplet states.'>'*
Small HOMO-LUMO overlap is attained in compounds con-
structed of electron-donating (D) and electron-accepting (A)
molecular fragments with balanced steric hindrance, having
pronounced charge-transfer (CT) character and non-negligible
radiative recombination rates.

The same concept based on the minimization of AEgr by
reducing the HOMO-LUMO overlap was utilized in exciplex
emitters,"""> composed of electron-donating and electron-
accepting molecular materials. Though small AEgy in exciplex
systems can be realized more easily due to the intermolecular
nature of charge transfer and rather efficient exciplex-based
OLEDs with EQEs approaching 20% have been presented,'® the
efficiency of exciplex TADF strongly depends on the distance
between the donor and acceptor fragments,'” which is difficult
to control. This strongly complicates the applications of
exciplex TADF OLEDs. To overcome the shortcomings of exciplex
TADF, a novel strategy was suggested. In this case the donor and
acceptor units were bound in close proximity (e.g. several A) with
conjugated'® or non-conjugated'®>* spacers utilizing inter-
molecular through-space charge transfer. Rather efficient exciplex
TADF can be achieved with fluorescence quantum efficiencies
(@) up to about 60% and EQEs up to about 12%. Another
promising pathway for similar “fixed” exciplex systems is to
employ hyperconjugation,?***
separated m-conjugated electron systems. Recently, we have
suggested a novel donor-c-acceptor geometry utilizing the
hyperconjugation effect to obtain TADF.>* Several donor units
were bound to a triphenyltriazine acceptor fragment by a
hexafluoroisopropylidene spacer unit. In this case, the hyper-
conjugation between the donor and acceptor moieties ensured
very small HOMO-LUMO overlap and AEg; together with the
intramolecular nature of CT. The DFT-estimated oscillator
strengths were very low (in the range of 0.0008-0.0054), typical
for weakly interacting donor and acceptor systems. Dual TADF
decay was observed, one of which was very rapid with a lifetime
of only 200-400 ns, which is one of the shortest ever reported.”®
Successful realization of TADF with sub-microsecond lifetime
in similar hyperconjugation-based compounds could open
new possibilities for realization of highly efficient OLEDs with
low roll-off.>”

Inspired by the intriguing TADF properties of donor-c-
acceptor TADF compounds with sub-microsecond lifetime,>®
here we performed a comprehensive time-resolved fluorescence
study of c-bridged TADF compounds with dual upconversion in
various surroundings. The analysis of viscosity, concentration
and temperature-dependent fluorescence spectra of the TADF
compounds in dilute solutions, and dilute polymer and neat
films revealed the interplay of two different CT states, decaying
on different time-scales. The molecular concentration and
ambient viscosity were shown to tune the emission type,
intramolecular or intermolecular CT or even from both types
simultaneously. Intramolecular TADF was observed only in

which allows one to bind two
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dilute polymer films, while the coexisting exciplex emission
was shown to be of TADF nature in solutions and films at high
doping concentration.

Experimental details

The photophysical properties were measured in 1.2 x 10> M
toluene solutions, PMMA (poly(methylmethacrylate)) films with
variable doping concentration (1-100 wt%) and neat films. The
analysis of the CT state was also performed in 1 x 10™* M
toluene solutions. The PMMA films were prepared by dissolving
the compound and PMMA at appropriate ratios in toluene and
then drop-casting at room temperature on a quartz substrate.
The neat films were prepared from 5 mg ml™" toluene solution
by spin-coating at 800 rpm for 1 min and finalizing with 8 min
of 4000 rpm to accelerate the evaporation of toluene. To modify
the viscosity of toluene, PMMA polymer was added into the
solution in different proportions.”® The absorption spectra
were measured using a UV-vis-NIR spectrophotometer Lambda
950 (PerkinElmer). Steady-state emission spectra were recorded
using a CCD spectrometer PMA-11 (Hamamatsu) coupled with
a CW xenon lamp (FWHM < 10 nm). Fluorescence quantum
yields (@) were obtained by using the integrating sphere
method.*® Time-resolved fluorescence spectra, fluorescence
decay transients and phosphorescence spectra were obtained
by using a nanosecond YAG:Nd*" laser NT 242 with an optical
parametric generator (Ekspla, excitation wavelength 300 nm,
pulse duration 7 ns, repetition rate 1 kHz, 50 nJ per pulse
fluence) and time-gated intensified CCD camera iStar DH340T
(Andor) with a spectrograph SR-303i (Shamrock). Phosphorescence
spectra were measured at a 10 K temperature after a 100 ps delay
with a 890 ps integration time. Fluorescence decay transient
measurements were performed by exponentially increasing the
delay and integration time as described in ref. 30. This allowed us
to record up to 10 orders of magnitude in time and intensity of the
photoluminescence decay. Five repetitive freeze-pump-thaw
cycles were used to deoxygenate the toluene solutions. The
polymer samples were mounted in a closed cycle He cryostat
(Cryo Industries 204N) for both oxygen-saturated and oxygen-
free (at a 1 x 10~ * Torr pressure) measurements. Temperature
dependent measurements were performed in the same closed
cycle He cryostat.

Results and discussion

Materials and steady-state spectroscopy analysis of dilute
solutions

Three TADF compounds of donor-c-acceptor structure were
analyzed (see Fig. 1). A planar triphenyltriazine fragment was
used as an electron-acceptor unit while dihydroacridine (1),
tetramethylcarbazole (2) and triphenylamine (3) were selected
as electron-donating units with different electron-donating
strengths.*! Hexafluoroisopropylidene was used as a c-spacer.
Synthetic details, initial DFT calculations and a brief analysis of
the fluorescence properties were reported elsewhere*® and are

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Chemical structures of donor—c—acceptor compounds 1-3.

briefly reported in this chapter, while thorough spectroscopic
analysis will be presented in the following chapters.

The absorption spectra peaked below 300 nm with weak
absorption of intramolecular charge transfer (ICT) origin at
about 300-370 nm, observed for all compounds, in-line with
the DFT predictions.>® Negligible oscillator strengths of 0.0008,
0.0012 and 0.0054 were simulated for compounds 1-3, respec-
tively. The fluorescence spectra of toluene solutions peaked in
the range of 437-463 nm. The broad and structureless spectral
lineshape indicated the charge-transfer nature. Locally excited
('LE) state emission at about 360 nm was clearly observed for
compound 2, originating from the tetramethylcarbazole donor
unit,*® while for the rest of the compounds the 'LE intensity
was lower. The low-temperature phosphorescence spectra of
toluene solutions (LTPh) were of °LE nature with the lowest
energy vibronic replicas peaking at 415-419 nm. Singlet-triplet
energy gaps (AEsr) of 0.06, 0.07 and 0.18 eV were estimated for
compounds 1, 2 and 3, respectively.>

Excited state relaxation in dilute solutions

The fluorescence decay transients of donor-c-acceptor compounds
1-3 at the CT emission peak in oxygen-free (—O,) toluene
followed a double-exponential decay (see Fig. 2). Initially,
the fluorescence decayed with a lifetime of 37-470 ns (tg1.),
followed by later slower decay with a lifetime (tgy,) of 0.45-10 ps
(see Table 1 for details). The presence of oxygen strongly
quenched both CT fluorescence bands. Both fluorescence decays
in -0, toluene, the fast and the slower one, were attributed to
TADF in the initial analysis.”> Fluorescence quenching by
oxygen and TADF intensity activation with temperature were
used as the proof. However, the nature of both decays is more
complex.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Normalized fluorescence decay transients of donor—c—acceptor
compounds 1 (a), 2 (b) and 3 (c) in oxygen-saturated (+O5) and oxygen-
free (—O,) toluene solutions. Fractional intensities of the initial and delayed
fluorescence in —O, conditions are also noted.
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Table 1 Fluorescence data of donor—-c-acceptor compounds 1-3 in
oxygen-free toluene

e (1S) Trape (ns) DF/PF*
1 470 4.5 0.03
2 250 10 0.015
3 37 0.45 0.002

@ Fluorescence decay time of the initial fluorescence. ” Fluorescence

decay time of the delayed fluorescence. ¢ Time-integrated delayed and
prompt fluorescence intensity ratio.

The initial decay with a lifetime of 37-470 ns could also be
prompt fluorescence. This would not be surprising for weakly
coupled D-c-A compounds with small HOMO-LUMO overlap
and negligible oscillator strengths. The lowest oscillator strength
was estimated for compound 1 with the largest 7g, while the
lowest g ; was for compound 3 with the largest oscillator
strength. AEsy and the TADF lifetime also depend on the
HOMO-LUMO overlap'* (and thus the oscillator strength)
and more rapid TADF decay should be observed for compounds
with smaller AEgsy. The smallest singlet-triplet energy gap was
estimated for compounds 1 and 2 (60 and 70 meV, respectively),
while for compound 3 it was remarkably larger (180 meV).
However, the opposite trend was observed. As we can see, Tgrq
was the longest for the compound with the lowest AEgr and it
was the shortest for the compound with the largest AEgy. Such
a trend is the opposite of what we would expect for TADF,
but in-line with the trend for prompt fluorescence: the longest
Trr1 Was observed for compound 1 with the strongest dihydro-
acridine donor unit*>*' and the lowest oscillator strength,
while the shortest 7z,; was observed for compound 3 with the
weakest triphenylamine donor unit and the largest oscillator
strength. This prompt fluorescence was shown to be susceptible
to molecular oxygen. This is rather unusual, however singlet states
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Fig. 3 Initial fluorescence decay transients of 1 wt% PMMA films of
compounds 1-3.

have been shown to be sensitive to molecular oxygen.*>* Our
donor-c-acceptor compounds with especially long prompt
fluorescence lifetime could be even more prone to quenching by
molecular oxygen.

To analyze the nature of the initial fluorescence, temperature-
dependent measurements of fluorescence transients were performed
in dilute toluene (see Fig. S6 and S7 in ref. 25) and the decrease of
TrL1 Was observed at larger temperatures, typical for TADF. How-
ever, when the compounds were embedded into PMMA polymer
films (see Fig. 3), the lifetime and the intensity of the initial decay
were insensitive to the temperature. Toluene has a melting point
of 178 K, therefore it remained in the liquid state in the tempera-
ture range of 300-200 K, thus the variation of the non-radiative
recombination rate upon the temperature decrease was not
neglected. The impact of non-radiative decay was strongly
suppressed in the rigid polymer film, where no thermal activation
was observed, typical for prompt fluorescence.

The decay time of the later fluorescence, observed at
the microsecond time-scale, was 4.5, 10 and 0.45 us (an
approximate value due to the low emission intensity) for
compounds 1, 2 and 3, respectively. In this case, the second
decay component followed TADF-like behavior: its lifetime was
lower for compounds with lower AEgy and the DF/PF ratio was
larger for compounds with lower AEgy (see Table 1).

To conclude, the initial fluorescence decay could hardly
be attributed to TADF. The experimental evidence shows its
non-TADF nature. Only the later fluorescence, observed at the
microsecond time-scale, can be attributed to TADF.

Two charge-transfer states in dilute solutions

The time-integrated fluorescence spectra (TIFL) of compounds
1-3 in toluene® showed only one dominating CT fluorescence
band with a double-exponential decay profile. On the contrary,
time-resolved fluorescence spectra (TRFL) analysis (see Fig. 4)
revealed the presence of more complex structure of the emission
spectra. Two CT fluorescence spectra were observed at different
time-scales. Initially, the first CT fluorescence band (‘CT;) was
observed at about 445-465 nm up to about 4 ps, 2 ps and 0.5 ps for
compounds 1-3, respectively. At later delays, the second CT
fluorescence band ('CT,) clearly emerged, peaking at about
475-505 nm (see Fig. S1 in the ESIf). Some long-wavelength
shoulders of the fluorescence spectra, extending up to 600-
650 nm, were observed for all compounds even at the smallest
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Fig. 4 Time-resolved fluorescence spectra of donor-c—-acceptor
compounds 1-3 in oxygen-free toluene at 1.2 x 10~ M concentration.
The numbers in the picture denote the initial and final delay times.
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delay times, showing that the weak second CT state probably is
formed after the photoexcitation, but is overwhelmed by
fluorescence of the 'CT; state. The 'CT, emission was more
susceptible to oxygen quenching than that of the 'CT, states
(see Fig. S2 in the ESIf). Since the prompt and delayed
fluorescence are observed at different wavelengths, the true
TADF transients at larger delays are those obtained at the 'CT,
peak (see Fig. S3 in the ESIT). An enhanced TADF intensity was
observed (up to about 5-6 times) with the same lifetime.

The nature of both CT states needs further analysis. Clearly,
both emission bands are of CT-nature and their peak energies
depend on the strength of the donor unit: the stronger the
donor, the more redshifted the emission wavelength. The
energy difference between the CT bands was 240, 220 and
160 meV for compounds 1-3, respectively. The second emission
band, which becomes clearly evident only at later delays, could
originate from, e.g., dynamic molecular conformer states, emerging
after the reorganization of the molecular structure,® or exciplex
states,®® formed between the donor and acceptor units from
separate molecules after diffusion at long time-scales.

To test the nature of the second CT state, the fluorescence
decay transients of compound 1 were measured in —O, toluene
solutions with adjustable viscosity (see Fig. 5 and the Experi-
mental section for details). More viscous toluene surrounding
had a weak effect on the prompt emission, slightly decreasing
its decay time from 470 to 280 ns, while the increased viscosity
strongly quenched the TADF, where the DF/PF ratio decreased
from 0.15 to 0.003 (see Table 2). The decrease of the prompt
fluorescence lifetime could be related with the changes of the
non-radiative decay rate. It is clear that the TADF intensity is
weakened in viscous surroundings, however still it is not clear
whether the quenching of delayed emission was due to the
impeded reorganization of the molecular structure or slowed
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Fig. 5 Normalized fluorescence decay transients of compound 1 at the
T, peak in oxygen-free toluene solutions with different viscosity.
The solution viscosity was varied by increasing the PMMA concentration.?®

Table 2 Photoluminescence decay constants of compound 1 at the 'CT,
peak in toluene with different viscosity

PMMA concentration® (g 17!)  DF/PF ratio” wier,” (ns) nc»,-ld (us)
0 0.18 470 4.5

25 0.03 320 2.8

250 0.003 280 1.25

@ PMMA polymer concentration in oxygen-free toluene. ” Intensity ratio
between the time-integrated delayed and prompt fluorescence spectra.
¢ Fluorescence decay time of the CT, state (prompt fluorescence).
9 Fluorescence decay time of the CT, state (TADF).

molecular diffusion and thus the lower contribution from
exciplex states.

The presence of exciplex states was revealed by comparing
the TADF properties of 1.2 x 10°°> and 1 x 10™* M toluene
solutions of compound 1 (see Fig. 6). The lineshape of the
fluorescence spectra clearly was concentration dependent (see
Fig. 6a), where the emission peak was redshifted from 475 nm
to 485 nm upon the concentration increase. As we know from the
analysis of the time-resolved fluorescence spectra (see Fig. 4), the
time-integrated emission spectrum is formed of two distinct

10F 485 nm | j 3

c

S5 08f P & 1 in toluene
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Fig. 6 (a) Normalized time-integrated fluorescence spectra of compound
1in 1.2 x 10° M (solid line) and 10~* M (dashed line) oxygen-free toluene
solutions. (b) Fluorescence decay transients of compound 1 in 1.2 x 107> M
(open symbols) and 10~ M (closed symbols) oxygen-free toluene solutions at
the 'CT, peak.
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fluorescence bands of CT; and CT, states, peaking at about
465 nm and 505 nm (for compound 1). Increasing the concen-
tration of compound 1 in toluene clearly enhances the emission
intensity from the CT, states and, therefore, shifts the peak of the
total emission spectrum to longer wavelengths. A similar trend
was observed for the fluorescence decay transients, obtained at
the 'CT, emission peak (see Fig. 6b). Here we can see that the
increased concentration of compound 1 in toluene solutions
enlarged the intensity of the later decay part, attributed to exciplex
TADF, increasing the DF/PF ratio from 0.18 to 0.49.

Clearly, viscosity and concentration-dependent measurements
of fluorescence spectra support the prediction that the second CT
state is of exciplex nature. It may look quite unusual to observe
exciplex emission in solutions with concentrations as low as
1 x 107° M, however exciplex emission can be successfully
observed in various dilute solutions of molecular compounds,
especially for those containing large and planar units,””*° as in
our 6-bonded D-A compounds. Additionally, exceptionally slow
fluorescence decay should be beneficial for the observation of
exciplex emission in solutions, when the probability of two
molecules to meet each other before recombination is greatly
enhanced. Obviously, the most intense intermolecular TADF
was observed for the compound with the longest intramolecular
fluorescence lifetime (see Fig. 2).

Suppression of the exciplex states in polymer films

For the further analysis of exciplex formation, compounds 1-3
were incorporated into a rigid PMMA polymer matrix at low
concentration. In this case, emission should originate only
from isolated molecules, since molecular diffusion is strongly
impeded by the rigid polymer surroundings. The time-integrated
fluorescence spectra of 1 wt% PMMA films of compounds 1-3 are
shown in Fig. 7a. The emission spectra were very similar to those
of the dilute solutions, showing dominating intramolecular CT
emission peaking at 460, 455 and 445 nm for compounds 1-3,
respectively. Weak emission, related to the electron-donating unit,
was clearly observed for compound 2.

The fluorescence decay transients of 1 wt% PMMA films of
compounds 1-3 are shown in Fig. 7b. The fluorescence decay
followed the same trend as in toluene solutions, when two
decay components were observed (see Fig. S4 in the ESI}).
However, the fluorescence decay profiles were multiexponential,
indicating the existence of conformational disorder, typical for
TADF compounds.**™* Although the exact lifetime of the prompt
and delayed emission could not be evaluated due to the multi-
exponential nature, it is clear that the prompt fluorescence
showed the same trend as in toluene solutions, where the slowest
prompt fluorescence decay was observed for compound 1 and the
most rapid for compound 3. For the delayed emission, no clear
trend was observed. The delayed fluorescence was quenched by
oxygen (see Fig. S5 in the ESIt), typical for TADF. Temperature-
dependent fluorescence decay transient measurements also
supported our assumptions (see Fig. S6 in the ESIT). The intensity
of the initial fluorescence and its lifetime were insensitive to
temperature. On the other hand, the delayed emission showed
temperature activation, typical for TADF. The TADF intensity was
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Fig. 7 (a) Normalized time-integrated fluorescence spectra of 1 wt% PMMA films of donor—c—acceptor compounds 1-3. Dashed lines are guides for
the eye. (b) Normalized fluorescence decay transients of 1 wt% PMMA films of donor—c—acceptor compounds 1-3 in —O, conditions. The dashed lines
denote the initial intensity of the delayed emission and the delay time when the delayed emission emerges. (c) Time-resolved fluorescence spectra of
1 wt% PMMA films of donor—oc—acceptor compounds 1-3 in —O, conditions. DT denotes the initial and the latest delay times. 44, 4, and 3 represent the
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remarkably enhanced in the polymer film, where the DF/PF ratios
increased up to 1.08, 0.92 and 0.6 for compounds 1, 2 and 3,
respectively. This was caused by the lowered non-radiative decay
in more rigid surroundings and the presence of conformational
disorder.”

The analysis of the time-resolved fluorescence spectra of
compounds 1-3 embedded in 1 wt% PMMA films (see Fig. 7c)
revealed the presence of temporal shifts of the emission peak
due to the dispersion of AEgr, typical for TADF in solid
surroundings.*'™** Initially, a redshift of the CT; state of about
210-480 meV was observed for about 0.5-4 pus, while at later
delays a blueshift emerged. The blueshift was comparable for
all compounds (~100 meV), while the lowest redshift was
observed for compound 2 with the sterically-fixed tetramethyl-
carbazole donor unit. As it was expected, the 'CT, state was
totally suppressed in the polymer films, again confirming its
exciplex nature. Both fluorescence decay components, prompt
and delayed, originated from the intramolecular 'CT; state. The
non-radiative decay, especially through internal conversion,
is remarkably weakened in the rigid polymer surroundings,
allowing one to observe the delayed emission from the intra-
molecular states.

Exciplex states in neat films

In the final stage, the emission properties of neat films of
donor-c-acceptor compounds 1-3 were analyzed (see Fig. 8).
As we can see from Fig. 8a, the time-integrated fluorescence
spectra of the neat films of compounds 1-3 were redshifted by
about 140-190 meV compared to the 1 wt% PMMA films and by
180-200 meV compared to the 1.2 x 10> M toluene solutions
and peaked at 495, 482 and 470 nm for compounds 1, 2 and 3,
respectively. The redshift of the emission wavelength in neat

12606 | J. Mater. Chem. C, 2019, 7, 12601-12609

films is a rather frequent effect for both fluorescent and TADF
emitters*>*® and usually occurs due to intermolecular inter-
actions or solid state solvation. However, solid state solvation
occurs with smaller magnitude due to the lower rotation ability
of molecules and almost exclusively only after the inclusion of
additional dopants with large ground-state dipole moments.*>*"*3
Usually the shift of the emission peak with increasing doping
concentration occurs due to enhanced intermolecular inter-
actions.*>* In our case, the TIFL spectra of the neat films
of compounds 1-3 were found to coincide quite well with
the fluorescence spectra of the 'CT, state from the toluene
solutions (see the blue and green lines in Fig. 8a), attributed to
the emission of exciplex states. The weak exciplex emission
observed in toluene solution dominated in the neat films. This
is not surprising, since the formation of excimer states should
be enforced in the tightly-packed molecular environment of
neat films.>**° The low-temperature phosphorescence spectra
of compounds 1-3 were of different nature. If the LTPh spectra
in toluene contained clear vibronic progressions, typical for *°LE
states (see Fig. 2 in ref. 25), the LTPh spectra of the neat films
were structureless, indicating the intermolecular CT nature®*
(see Fig. S7 in the ESIT). A AEgy of 60 and 90 meV was estimated
for compounds 2 and 3, respectively. Surprisingly, a negative
AEgy of —40 meV was estimated for 1, probably due to the
impact of the remaining phosphorescence from the intra-
molecular states.

The time-resolved fluorescence spectra of the neat films of
compounds 1-3 are shown in Fig. S8 in the ESIL.{ The presence
of conformational disorder was observed. Initially, the redshift
of the emission spectra from about 460 nm to 490-510 nm was
observed. No subsequent blueshift of the emission peak was
noticed, probably due to the quenching of the latest delayed

This journal is © The Royal Society of Chemistry 2019
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solutions (black figures) and neat films (blue figures) of donor-c-acceptor compounds 1-3 in oxygen-free conditions.

emission at the defect sites.** The fluorescence decay transients
of the neat films of compounds 1-3 at the 'CT, peak are shown
in Fig. 8d-f, along with the emission decay transients of the
1.2 x 107> M toluene solutions and 1 wt% PMMA films. A
double-multiexponential decay was observed, where the initial
decay of the prompt fluorescence resembled that of the 1 wt%
PMMA films, while the later decay was rather similar to that of
the toluene solutions (except compound 3). For compound 3,
no clear TADF was observed. As we have already seen, the initial
prompt fluorescence was strongly perturbed by conformational
disorder, thus its decay was very similar to that of the 1 wt%
PMMA films. The later TADF emerged only from the lowest-energy
conformer states, where the higher-energy emission was quenched,
therefore the TADF decay in the neat films was less perturbed by
the conformational disorder and more similar to that in the toluene
solutions. The fractional TADF intensity was remarkably enhanced
in the neat films (except compound 3) due to the larger number of
TADF-active exciplex states. The DF/PF ratio for the neat films was
1.63 and 1.44 for compounds 1 and 2, respectively.

The delayed fluorescence of the neat films of compounds 1
and 2 showed strong activation with temperature (see Fig. S9 in
the ESIY), typical for TADF. No delayed emission was observed
at 10 K, only the decay of phosphorescence after about 10 ps.
For compound 3, the enhancement of the prompt fluorescence
lifetime was observed at 10 K, indicating weaker non-radiative
losses at 10 K. No TADF was observed at room temperature.
Probably the weak TADF observed in the toluene solutions was
quenched in the neat films with efficient exciton migration
towards defect sites.

Optimization of exciplex TADF

The emergence of the dominating exciplex emission is shown
in Fig. 9a and b, where the fluorescence spectra of PMMA films

This journal is © The Royal Society of Chemistry 2019

doped with compound 1 at a concentration ranging from 1 to
100 wt% are demonstrated. The fluorescence peaked at about
460 nm at low doping concentration (0.1-2 wt%), where no
intermolecular interactions were present, similarly to the emission
of the 'CT, state in toluene. Some mismatch of the emission
energies was due to the different polarity of toluene and PMMA
(toluene is a more polar environment) and the presence of
conformational disorder. The fluorescence peak started to
redshift down to about 490 nm for doping concentrations of
5-30 wt% due to the emergence and later increasing number of
exciplex states. Almost no further redshift of the emission spectra
was observed at larger doping concentrations (30-100 wt%),
where the exciplex fluorescence clearly dominated.

The transition from intramolecular TADF to intermolecular
TADF from exciplex states was also observed in the fluorescence
decay transients of compound 1 doped in PMMA at different
concentrations (see Fig. 9c). As we can see, the fluorescence
decay transients of the 1 wt% and 5 wt% doped PMMA films
were rather similar, where the emission of the 'CT, states with
the strong impact of conformation disorder dominates, how-
ever the rise of exciplex TADF is already observed at a 5 wt%
concentration. At larger doping concentrations (e.g., 10 wt%),
the DF/PF ratio is enhanced (see the inset in Fig. 9) due to the
emergence of the additional TADF from exciplex states.>* The
DF/PF ratio peaks at about a 20 wt% doping concentration and
later starts to decrease at larger doping loads, due to the
enhanced excitation mobility and subsequent quenching of
the latest delayed emission at the defect sites®® (see Fig. S10
in the ESI{). Such behavior was especially evident in the neat
films. A similar trend was also observed for the TADF lifetime,
which tended to decrease at larger doping concentration due to
the quenching of the latest conformer states with the largest
fluorescence lifetime.
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Fig. 9 (a) Normalized time-integrated fluorescence spectra of compound
1 embedded in PMMA surroundings at different concentrations. (b) Fluores-
cence peak wavelengths of compound 1 embedded in PMMA surroundings
at different concentrations. (c) Normalized fluorescence decay transients of
compound 1 in PMMA at different doping concentrations. The inset shows
the DF/PF ratio at the different doping concentrations.

As we can see, intermolecular TADF is unavoidable in
heavily doped polymer films, however the DF/PF ratio can be
enhanced by selecting the proper doping concentration.

Conclusions

In summary, we presented a comprehensive analysis of the
photophysical properties of a series of donor-c-acceptor TADF
compounds with different donor units. A hyperconjugated
hexafluoroisopropylidene spacer unit was selected to reduce
the electronic communication between the donor and acceptor
units, seeking a negligible singlet-triplet energy gap. However,
weak donor-acceptor coupling was observed, leading to
remarkably prolonged fluorescence lifetimes and allowing us
to observe several unusual effects. Firstly, coexisting intra- and
intermolecular fluorescence of different wavelengths was
observed at different time-scales even in solutions. Secondly,
the initial decay with a remarkably prolonged lifetime was
shown to be simple prompt intramolecular CT fluorescence,
whose lifetime was shorter for the compounds with weaker
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electron-donating units. Interestingly, this slow initial fluores-
cence was susceptible to molecular oxygen. The later delayed
fluorescence was shown to be TADF, originating from exciplex
states, as proven by concentration and viscosity-dependent
fluorescence measurements. In dilute polymer films with
weakened non-radiative recombination, both prompt fluores-
cence and TADF were of intramolecular nature. Rather strong
conformational disorder was observed due to the flexible
molecular structure, leading to large temporal shifts of the
emission peak. With an increasing doping load, a rise of
exciplex TADF was observed, which dominated in the neat
films at a similar wavelength to that in the solutions. However,
the fractional intensity of TADF and its lifetime peaked at about
a 20 wt% doping concentration, since the further increase of
the doping load enabled excitation migration towards the
defect sites and subsequent quenching of the latest TADF.

Our results have shown that weak coupling between donor
and acceptor units is not favorable for efficient intramolecular
TADF in o-bridged compounds and the hyperconjugated spacer
unit should be carefully designed. In-line, intermolecular inter-
actions should be minimized in order to prevent exciplex
emission in highly doped films.
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Thermally activated delayed fluorescence (TADF) compounds with a flexible donor—acceptor structure
suffer from conformational disorder in solid-state, which deteriorates their emission properties as well as
OLED performance. Accordingly, TADF materials with predictable solid-state emission properties are
highly desirable. In this work, we analyse the relation between the molecular rigidity and solid-state
TADF properties. Two TADF compounds, 4,6-bis(2-methyl-4-(10H-phenothiazin-10-yl)phenyl)pyrimidine
(PTZ-mPYR) and 1,2,3,4-tetrakis(carbazol-9-yl)-5,6-dicyanobenzene (4CzPN), with similar emission
properties in toluene solutions but different rigidity of the molecular structure were systematically
studied. The analysis was supplemented by comparison of solid-state TADF properties of PTZ-mPYR
with its analogue 4,6-bis(4-(10H-phenoxazin-10-yl)phenyl)pyrimidine (PXZ-PYR), bearing a more
sterically constrained planar electron-donor unit. All compounds showed conformational disorder in
diluted polymer films; however its extent directly depended on the molecular structure. Large dispersion
of singlet—triplet energy gaps resulted in remarkably prolonged TADF lifetime for PTZ-mPYR with a less
sterically constrained donor unit. In contrast, weakened conformational disorder in rigid 4CzPN with
sterically crowded donor units was shown to ensure rapid TADF decay with only a threefold lower solid-
state rISC rate as compared to toluene. Similarly, selection of a more sterically constrained planar
electron-donor unit was also shown to be preferable for lowering the conformational disorder. Our
findings are important for the future design of compounds with efficient solid-state TADF as well as for
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Introduction

The application of thermally activated delayed fluorescence
(TADF)'™ emitters allows one to boost the external quantum
efficiencies (EQE) of organic light emitting diodes (OLEDs) far
beyond the typical values for singlet-only emitters.”® The
harvesting of triplet states in TADF compounds occurs via
thermally activated reverse intersystem crossing (rISC). To
achieve rapid rISC, generally a small energy gap (AEsy) between
the charge-transfer singlet (*CT) and the lowest triplet state,
usually of local excited triplet (*LE) character, is required. The
most usual approach to lower AEgy is to minimize the spatial
overlap of HOMO and LUMO.® This is achieved by decoupling
electron-donating (D) and electron-accepting (A) units in highly
twisted molecular geometry with strong charge-transfer character.
Besides the minimization of AEsy, negligible energy splitting
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the further application in OLEDs with low external quantum efficiency roll-off.

between the spin-vibronically coupled °LE and charge-transfer
triplet (°CT) states is also mandatory.” ' As it was shown
previously, *CT and °LE states are coupled through the torsion
of the D-A angle,”*" thus somewhat rotational flexibility of the
D-A bond is required, otherwise the rISC rate would be
minimized." On top of that, minimization of the nonradiative
internal conversion rate'® together with decrease of the activation
energy barrier for rISC,'* however, is achieved in compounds
with suppressed structural deformation. All those contradictions
can be well matched by comprehensive optimization of the
molecular structure, and thus a great variety of different highly
emissive TADF compounds, constructed of sometimes very
different donor and acceptor units bound in diverse molecular
geometries, have been presented.'>'® However, TADF behaviour
becomes highly complicated in solid-state and these issues still
are very scarcely studied. Regardless of the selected D and A
units and their linking patterns, pronounced conformational
disorder occurs in solid films."”>* TADF molecules in solid
polymer or small-molecule host films are “frozen” with a
variation of dihedral angles between the D and A units, forming
a set of solid molecular conformations, having different
HOMO-LUMO overlap and thus different 'CT energies and
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singlet-triplet gaps.”** Such conformational disorder in solid
state causes temporal shifts of the emission peak and, therefore,
results in unwanted effects, like the broadening of the emission
spectrum and the prolongation of TADF lifetime.'*2° All this
makes the control of conformational disorder highly important
for the successful application of TADF compounds, especially as
emitters in OLED devices, since the EQE roll-off of OLEDs at
high current densities directly depends on TADF lifetime.”®
Recently it was demonstrated that compounds with large con-
formational disorder benefited from shortened TADF lifetime.””
Stable emission was achieved; however TADF decay was still
remarkably slower than in solutions. Some control of delayed
emission lifetime was also shown by tuning the polarity of the
polymer host;' however more efficient strategies are still
required. As a solution, the enhancement of molecular core
rigidity could be applied. Yersin et al.** recently have demon-
strated the benefits of a rigid molecular structure for avoiding
the occurrence of prolonged TADF decay; however all the
benefits were demonstrated in a rather specific molecular
structure with rigid bridges.

In this work, we followed the idea of the necessity of rigid
molecular cores for the minimization of unwanted conformational
disorder; however typical donor-acceptor TADF compounds with
flexible single bonds were investigated. Time-resolved fluorescence
was employed for the analysis of conformational disorder in dilute
polymer films of two TADF compounds, with similar emission
properties in toluene solutions but a completely different mole-
cular structure and stiffness of the molecular core, PTZ-mPYR
and 4CzPN. The analysis was supplemented by comparison of
solid-state TADF properties of compound PTZ-mPYR and its
analogue PXZ-PYR, bearing a more sterically constrained donor
unit. The same trends were observed in both series of compounds,
despite remarkable differences in the molecular structure. The
rigid 4CzPN was shown to have almost alike TADF properties in
solutions and solid-state due to minimized conformational
disorder. Our study has shown that donor-acceptor TADF
compounds with a consistently restricted molecular structure
could be efficient emitters in both solutions and solid films.

Experimental details

4CzPN was synthesized according to Uoyama et al.® Synthetic
details of PTZ-mPYR and PXZ-PYR were published elsewhere.**?”
TADF compounds were analyzed in 1 x 10~> M toluene solutions
and in 1 wt% PMMA films. Polymer films were prepared by
dissolving each material and PMMA at appropriate ratios in
toluene solutions and then wet-casting the solutions on glass
substrates. Time-integrated fluorescence spectra (TIFL), time-
resolved fluorescence spectra (TRFL) and fluorescence decay
transients were measured using a nanosecond YAG:Nd®' laser
NT 242 (Ekspla, © = 7 ns, pulse energy 200 pJ, e = 350 nm,
repetition rate 10-1000 Hz) and time-gated iCCD camera New
iStar DH340T (Andor). Time integrated prompt and delayed
fluorescence spectra (TIPF and TIDF, respectively) were measured
by using 0 ns delay and 200 ns (no prompt fluorescence was
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observed after 200 ns) exposure time for TIPF and 200 ns delay
and 100 ms exposure time for TIDF. Exposure time for TIDF
measurement was selected to be longer than TADF lifetime.
Fluorescence quantum yields (@) of the solutions and polymer
films in an air atmosphere were estimated with the integrated
sphere method®® by using an integrating sphere (Sphere Optics)
connected to the CCD spectrometer PMA-11 (Hamamatsu) via an
optical fibre. Fluorescence transients were obtained by exponen-
tially increasing delay and integration time. This allows one to
record up to 10 orders of magnitude in time and intensity of the
fluorescence decay.”® Solid-state samples were mounted in a
closed cycle He cryostat (Cryo Industries 204N) for all measure-
ments (for oxygen-saturated and oxygen-free conditions). Toluene
solutions were degassed by using the freeze-pump-thaw method
(5 iterations).

Quantum chemical calculations were performed by using
density functional theory (DFT) as implemented in the Gaussian 09
software package at the B3LYP/6-31G(d) level.*® The Polarizable
Continuum Model (PCM) was used to estimate the solvation
behaviour of toluene surrounding in geometry optimization.

Results and discussion
Material selection

Three TADF compounds were selected to analyse the relation
between the molecular geometry and conformational disorder in
solid films (see Fig. 1). Compounds PTZ-mPYR and 4CzPN were
selected to have completely different molecular geometry but
similar TADF properties. PTZ-mPYR is composed of a diphenyl-
pyrimidine electron-acceptor unit and two phenothiazine (PTZ)
electron-donor fragments with nonplanar geometry, while 4CzPN
is constructed of a dicyanophenyl electron-acceptor fragment,
decorated with four adjacent carbazole electron-donating units.
The nonplanar PTZ unit is found in two distinct conformer states,
namely quasi-axial (QA) and quasi-equatorial (QE) with different
corresponding absorption and emission properties.*'** However,

only the emission from QE states is of TADF nature**** and will be
Series |
PTZ-mPYR 4CzPN
N
_ - A WA @
/@ | = 7\ NS
‘ g _

|
|
OO0 M
g S~

Series Il

PXZ-PYR

Do o

|
N N

PTZ-mPYR

&%

Fig. 1 Molecular structures of TADF compounds PTZ-mPYR, 4CzPN and
PXZ-PYR.
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analysed in this paper. In the second set of compounds, two
TADF compounds with a very similar structure were compared,
PTZ-mPYR and its structural counterpart PXZ-PYR, constructed
from the almost alike diphenylpyrimidine acceptor fragment
but a different donor unit, planar phenoxazine (PXZ). As it was
shown earlier, the presence of a methyl unit in the acceptor
fragment of PTZ-mPYR has almost no effect on solid-state
conformational disorder.>®

Initially, solid-state TADF properties of compounds PTZ-mPYR
and 4CzPN, strongly differing in the molecular structure, will be
investigated. Lastly, two very similar TADF emitters, PTZ-mPYR
and PXZ-PYR, will be compared to reveal the impact of delicate
structural changes on solid-state emission properties.

DFT simulations of PTZ-mPYR and 4CzPN

DFT simulations were performed to analyse the differences in
the molecular structure. The optimized geometries of TADF
compounds PTZ-mPYR and 4CzPN are shown in Fig. 2. The
optimization revealed that the phenothiazine moiety in QE
arrangement is almost perpendicular to the phenyl fragment
(a1 & 88.9°% see Fig. 2); however due to the twisted geometry,
the PTZ units also are bent along the C-N bonds,** leading to
larger rotational flexibility than of planar donor moieties. Both
phenyl fragments in the acceptor unit were twisted only for
about «, ~ 46° with respect to the pyrimidine group due to the
weak steric hindrance. Previously, it was shown that such a
molecular structure is flexible with large conformational disorder in
solid state.”® For 4CzPN, carbazole fragments are twisted with
respect to the central phenyl moiety for about oz ~ 62-67°.3%°¢
Close proximity of the adjacent carbazole units ensures large steric
hindrance and large stiffness of the molecular core.

Ground state dipole moments of 3.08 D and 7.38 D were
estimated for PTZ-mPYR and 4CzPN, respectively.

In the context of this paper, molecular rigidity is described
as rotational flexibility between the D and A units through C-N
bonds. In such case, flexible molecules would have large dispersion
of D-A twist angles, while the rigid ones lower dispersion.*!
Differences in the structural rigidity of compounds PTZ-mPYR
and 4CzPN with strongly different geometry were assessed by

Side view

Fig. 2 DFT-optimized molecular geometries of PTZ-mPYR and 4CzPN.
Only quasi-equatorial conformation is shown for PTZ-mPYR. o is a twist angle
between the phenothiazine unit and the phenyl fragment, o, is a twist angle
between the phenyl fragment and the pyrimidine unit and o3 represents the
twist angle between carbazole and dicyanobenzene acceptor.
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Fig. 3 Calculated frequencies of the lowest vibrational modes (up to
50 cm™Y) for compounds PTZ-mPYR (a) and 4CzPN (b). The B3LYP/6-
31G(d) method was used. Nuclear displacement vectors, corresponding to
the lowest-frequency vibrational normal modes at 6 cm™* (for PTZ-mPYR),
18 cm ™ and 45 cm™* (for 4CzPN), are shown.

estimating the vibrational frequencies of the lowest vibrational
modes in the harmonic approach (see Fig. 3). Ground-state
optimized molecular structures were used for vibrational fre-
quency calculations, as the ability of TADF compounds to
reorient upon photoexcitation is strongly restricted in the solid
films.**?” Molecular compounds have a large number of various
vibrational modes up to an energy of several thousand cm™*,
like symmetric vinyl stretching modes observed at about
1400 cm*, responsible for vibronic progression in absorption
and emission spectra.>® However, in our case the most important
are the lowest energy vibrations, usually arising from the vibration
of the loose donor and acceptor molecular units, evidently altering
the TADF properties.””* D-A twisting motions should occur at
the lower energy for more flexible TADF compounds, rather for the
rigid ones.*

Clearly, the lowest vibrational modes of PTZ-mPYR and
4CzPN were of different nature. For PTZ-mPYR, the twisting
motion of the donor unit was shown to be the lowest vibrational
mode at only 6 cm ™", typical for TADF compounds.”*® In con-
trast, the lowest vibrational mode for 4CzPN was found at the
higher energy and was of different nature. The large steric
hindrance between the carbazole units suppressed the twisting
along the C-N bond, and thus the lowest energy vibration at
18 cm ™" was shown to be the waving motion of carbazole units,
barely related to conformational disorder in solid state (see
Fig. 3b). Only the higher energy vibration mode at 45 cm ™" was
the twisting motion of the donor units, directly contributing to the
rise of conformational disorder in solid state. Supposedly, larger
energetic barriers for the twisting motion for donor units for
4CzPN should result in lower AEgy dispersion and lower confor-
mational disorder in solid state.’*' Quantum mechanical and
experimental analyses of similar to 4CzPN carbazole-benzonitrile
TADF compounds, bearing several adjacent carbazole units,
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have also shown the large torsional barriers for twisting of
carbazole units, ensuring a rigid molecular structure and sub-
sequent highly efficient TADF.”**3°

TADF properties in solutions: PTZ-mPYR vs. 4CzPN

Despite the different molecular structure, compounds PTZ-mPYR
and 4CzPN showed similar emission properties in toluene (see
Fig. S1 in ESIf and Table 1). Both TADF compounds showed
greenish fluorescence, peaking at 535 and 525 nm for PTZ-mPYR
and 4CzPN, respectively, with comparable fluorescence lifetimes:
the decay time for prompt fluorescence was 10 and 14 ns and
TADF lifetimes were 11 and 15.5 ps for PTZ-mPYR and 4CzPN,
respectively (see Fig. 5). Energy gaps between the lowest singlet
and triplet states were also comparable, 25 meV vs. 10 meV, for
PTZ-mPYR and 4CzPN, respectively. However, the fluorescence
quantum yield of prompt and delayed fluorescence was lower
for PTZ-mPYR with more rapid non-radiative decay®® (0.04 and
0.04 vs. 0.09 and 0.61, respectively).

TADF properties in polymer films: PTZ-mPYR vs. 4CzPN

Although compounds PTZ-mPYR and 4CzPN showed similar
properties in toluene, remarkable differences in solid-state
emission properties were revealed. Firstly, flexible PTZ-mPYR
showed strong TADF quantum efficiency enhancement in more
rigid PMMA surrounding (0.04 vs. 0.32), whereas for rigid
4CzPN TADF quantum efficiency was rather the same (0.61 vs.
0.54). Secondly, typical for TADF compounds temporal shifts of
prompt (PF) and delayed (DF) fluorescence spectra'® >3
observed in the time-resolved fluorescence spectra of 1 wt%
PMMA films (see Fig. 4a). Initially, the redshift of PF was
observed for about 100 ns, followed by the later blueshift of
DF. No shift was observed from about 100 ns to 10 ps when
emission originated from the conformer states with the lowest
AEgr.?° Evident differences in fluorescence shift trends were
observed between PTZ-mPYR and 4CzPN. For PTZ-mPYR with a
more flexible molecular structure, a redshift of 370 meV was
observed, followed by 80 meV blueshift. For the rigid 4CzPN,
both red and blueshifts were of the same value, at only about
100 meV (see Table S1 in ESIf for details). Obviously, lower
conformational disorder and thus the smaller emission peak
shifts for rigid 4CzPN were mediated by the lower dispersion of
'CT energies. The enhanced rigidity and lowered conformational
disorder of 4CzPN had a remarkable advantage over PTZ-mPYR
for emission wavelength stability (see Fig. 4b and c). Previously it
was shown that the emission of compound PTZ-mPYR peaks
at different wavelengths in oxygen-free and oxygen-saturated

were

Table 1 TADF properties of PTZ-mPYR and 4CzPN in oxygen-free toluene
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Fig. 4 (a) Time-resolved fluorescence spectra of 1 wt% PMMA films of

PTZ-mPYR (left picture) and 4CzPN (right picture). All measurements were
performed in oxygen-free surrounding. (b) Time-integrated normalized
prompt (TIPF) and delayed fluorescence (TIDF) spectra of 1 wt% PMMA
films of PTZ-mPYR (left picture) and 4CzPN (right picture) in oxygen-
saturated (+Op, solid lines) and oxygen-free (—O,, dashed lines) conditions.
Experimental parameters are provided in the Experimental details section.
(c) Time-integrated normalized fluorescence spectra of 1 wt% PMMA films
of PTZ-mPYR (left picture) and 4CzPN (right picture) in oxygen-saturated
(+0O,, black lines) and oxygen-free (—O,, red lines) conditions.

conditions due to the quenching of the latest delayed emission®
in oxygen-free conditions. Due to the wide distribution of singlet-
triplet energy gaps, the latest emission spectra originate from
conformations with very large singlet-triplet energy gaps and
prolonged lifetime, which are largely susceptible to quenching
by various quenching sites. Quenching of the latest emission with
the largest 'CT energy disturbs the high-energy shoulder of the
time-integrated delayed fluorescence spectrum in —O, conditions,
resulting in the redshift of its peak wavelength (see Fig. 4b) and the
redshift of the overall time-integrated emission spectrum (see
Fig. 4c). A completely different situation was observed for com-
pound 4CzPN with low conformational disorder. In this case, the
stable emission peak wavelength was observed. Due to the rigid

g (nm) or” (ns) Trape” (HS) Ppr? Drans” fas/ (x107s7") kasc® (x10° s77) AEs" (mev)
PTZ-mPYR 535 10 11 0.04 0.04 2.7 1.2 25
4CzPN 525 14 15.5 0.09 0.61 6.5 7.1 10

“ Fluorescence wavelength. ? prompt fluorescence decay time. ¢ Delayed fluorescence decay time. “ Fluorescence quantum yield of prompt
fluorescence. ¢ Fluorescence quantum yield of delayed fluorescence.” Intersystem crossing rate. ¥ Reverse intersystem crossing rate. h Singlet-

triplet energy gap.
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molecular core, the latest delayed fluorescence of 4CzPN originated
from the similar conformer states with rather low AEsy and rapid
1ISC in both +0O, and —O, conditions (see Fig. 4b and c).

Likewise, FWHM values of time-integrated fluorescence spectra
of polymer films also were molecular rigidity-dependent. For 4CzPN,
FWHM values in both +O, and —O, conditions (400 meV) were only
slightly larger than in toluene solution (370 meV). It again evidenced
the high rigidity of the molecular structure of 4CzPN. In contrast, a
moderate increase of FWHM of about 15% (from 400 meV in
toluene to 460 meV in PMMA) was observed for the solid-state
emission spectra of PTZ-mPYR in —O, conditions. However, this
was not mediated by small dispersion of 'CT peak energies, as it was
for rigid 4CzPN, but specifically due to the large conformational
disorder. PTZ-mPYR has large dispersion of 'CT emission energies
and singlet-triplet gaps. In —O, conditions, the latest long-lived
delayed emission from the largest-energy conformers is quenched,
and thus the emission spectrum mostly consists of the lowest-
energy conformers with lower dispersion of 'CT energies. In +O,
conditions, even more delayed emission is quenched (see Fig. S2 in
ESIY), and thus the time-integrated emission spectrum contains a
larger fraction of prompt fluorescence, formed from nearly all
possible conformer states with large dispersion of 'CT emission
energies. In the case of —O, conditions, a 46% increase of FWHM
was observed (from 460 meV to 670 meV), and the FWHM of TIFL of
polymer films in +O, conditions was even 68% larger than that of
toluene solutions (400 meV vs. 670 meV).

The presence of conformational disorder, increasing the
spectral linewidth, as well as lower polarity of polymer surrounding
resulted in an increase of AFEgr in polymer films, which represents
the average gap of all conformer states (see Fig. S3 in the ESIT).
A singlet-triplet gap of 187 meV was observed for PTZ-mPYR (with
fluorescence spectra obtained in —O, conditions as a reference) and
140 meV - for 4CzPN (see Fig. S4 in ESI}).

TADF decay transients: PTZ-mPYR vs. 4CzPN

Pronounced differences in emission properties between com-
pounds 4CzPN and PTZ-mPYR with different molecular core
rigidity were also observed in solid-state fluorescence decay
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transients (see Fig. 5). The temporal profiles of emission decay
transients in dilute solution and polymer films considerably
differed. The presence of conformational disorder, as it was
already shown, resulted in the dispersion of AEgy values, when
the later decaying states had larger singlet-triplet gaps and
slower rISC. Compounds with a more flexible molecular core
and larger conformational disorder had bigger AEgr dispersion
and more conformer states with inefficient rISC. It resulted in
the extension of TADF lifetime in solid surrounding and the
enhancement was remarkably larger for flexible PTZ-mPYR as
compared to 4CzPN. This was evident from the comparison of
fluorescence decay transients of compounds PTZ-mPYR and
4CzPN in toluene solution and PMMA films (see Fig. 5¢ and d).
TADF lifetime enhancement for PTZ-mPYR was followed by
subsequent boost of TADF efficiency from 0.04 in toluene to
0.32 in PMMA. The presence of a large number of conformer
states with inefficient rISC increased the TADF lifetime and,
concomitantly, the average number of ISC/rISC cycles.

In an ideal case with negligible conformational disorder and
highly efficient TADF, similar TADF properties should be observed
in both surroundings. This was the case for rigid 4CzPN with
similar TADF characteristics in toluene and PMMA films (see
Fig. 5). In this case, low conformational disorder resulted only in
small dispersion of AEgy values, when the TADF lifetime from the
conformer states with the largest singlet-triplet gaps was weakly
increased. Therefore, rather a simple three-exponential fit of the
delayed fluorescence decay allowed one to estimate the average
TADF lifetime for 4CzPN in PMMA film. A three-fold increase of
the average TADF lifetime from 15.5 pis to 46 ps was observed,
resulting in a slight decrease of the rISC rate from 7.1 x 10° to 2 x
10° s . The negligible decrease of the DF/PF ratio in PMMA was
due to the lower polarity of polymer surrounding' and larger
AEgy. Certainly, the lower polarity of PMMA also could result in the
lowered rISC rate, though the AEgy dispersion and the subsequent
increase of TADF lifetime still were the main reason. Secondly,
fluorescence decay transients of PMMA films of compounds
PTZ-mPYR and 4CzPN in +O, and —O, conditions followed
different pathways (see Fig. 5a and b). A remarkable quenching
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Fig. 5 Fluorescence decay transients of 1 wt% PMMA films of PTZ-mPYR and 4CzPN in oxygen-saturated and oxygen-free conditions (a and b,
respectively) and fluorescence decay transients of oxygen-free 1 wt% PMMA films and toluene solutions of PTZ-mPYR and 4CzPN (c and d, respectively).
All fluorescence decay transients were normalized. Color lines are multiexponential fits.
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Fig. 6 (a) Optimized molecular structures of compounds PTZ-mPYR and PXZ-PYR. «; is the twist angle between the donor unit and the phenyl spacer.
(b) Time-resolved fluorescence spectra of 1 wt% PMMA films of PTZ-mPYR (left picture) and PXZ-PYR (right picture). (c) Fluorescence decay transients of
PTZ-mPYR (upper picture) and PXZ-PYR (lower picture) in toluene (red open dots) and 1 wt% PMMA films (closed black dots). All measurements were

performed in oxygen-free surrounding.

of delayed fluorescence after about 10 ps was observed for
compound PTZ-mPYR, though the initial TADF from the con-
formers with the lowest AEgy was unquenched even in +O,
conditions. In this way, the intensity ratio of delayed and
prompt fluorescence (DF/PF ratio) for PTZ-mPYR with large
conformational disorder decreased from 11.8 in —O, conditions
to 0.26 in +O, conditions and enabled the blueshift of the emission
peak (see Fig. 4c). The delayed emission of compound 4CzPN with a
rigid molecular core and low AEgy dispersion was weakly sensitive
to molecular oxygen. Only a modest quenching of the latest delayed
emission from conformers with the largest AEsr was observed,
when the DF/PF ratio decreased about 30% from 8.65 to 5.95. This
ensured the stable emission for rigid 4CzPN.

Phenothiazine vs. phenoxazine: the impact of donor planarity

To show the validity of our previous observations for various
donor-acceptor TADF systems, the solid-state TADF properties
of two compounds with a very similar molecular structure were
compared (see Fig. 1, series II). In this case, compounds bearing
a diphenylpyrimidine-based electron-acceptor unit, bound with
two donor units of different geometry, phenothiazine (PTZ-mPYR)
and phenoxazine (PXZ-PYR), were selected. As it was already men-
tioned, PTZ is of nonplanar geometry. Such orientation has less
steric hindrance, leading to more perturbed TADF properties,
especially in solid-state."> Those shortcomings could be prevailed
by selecting more sterically fixed planar donor units, like PXZ****
(see Fig. 6a), though the expected effect should not be as strong as
for highly rigid 4CzPN.

Despite the different donor unit and different ground-state
dipole moment (0.4 D for PXZ-PYR), both compounds showed
rather similar emission wavelength in toluene (see Fig. S5 in
ESIf),>**” though PTZ-mPYR showed lower prompt and TADF
efficiency (0.04 and 0.04 vs. 0.15 and 0.27, respectively) together

Phys. Chem. Chem. Phys.

with slower TADF decay (11 vs. 1.6 ps, respectively). Simultaneously,
rather different solid-state TADF properties were observed. The time-
resolved fluorescence spectra of TADF compounds with different
donor units in PMMA films are shown in Fig. 6b. As it was shown
previously, PTZ-mPYR showed a pronounced redshift of the prompt
fluorescence peak followed by a remarkably lower blueshift of
delayed fluorescence at the larger time-scale, which was even lower
in oxygen-saturated conditions. As a result, ambient-dependent
emission colour was observed. In contrast, remarkably lower tem-
poral shifts of TRPL spectra were observed for PXZ-PYR with a more
sterically constrained planar donor unit (160 and 100 meV for
redshift and blueshift, respectively). As both temporal shifts were
comparable, stable emission colour was observed in both +O, and
—0, conditions (see Fig. S6 in ESIf). A portion of the latest delayed
fluorescence still was quenched, though this share was remarkably
lower than for more flexible PTZ-mPYR. Lowered conformational
disorder was especially beneficial for achieving lower TADF lifetime
enhancement in solid-state (see Fig. 6¢). Although the exact TADF
decay time in PMMA film was unknown, a minor increase of the
DF/PF ratio in solid-state indicated low TADF lifetime enhancement.
On the contrary to PTZ-mPYR, lower dispersion of AEgy values in
PXZ-PYR indicates weaker enhancement on TADF lifetime as
well as lower average number of ISC/rISC cycles.

Clearly, the rigid molecular structure is essential for mini-
mization of solid-state conformational disorder, regardless of
the selected donor and acceptor pair.

Conclusions

In this work, the importance of molecular rigidity for highly
efficient delayed emission in solid-state was highlighted. Two
TADF compounds with different molecular core rigidity were

This journal is © the Owner Societies 2019
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selected to showcase the impact of conformational disorder on 4

solid-state TADF properties. Pronounced conformational dis-
order with large dispersion of singlet-triplet energy gaps was
estimated for PTZ-mPYR with a more flexible molecular structure.

It had a negative impact on the solid-state TADF properties. Firstly,

the large AEgr dispersion in polymer films resulted in the
emergence of conformer states with large AEgr and prolonged
TADF lifetime. Secondly, the latest delayed emission with inefficient
TADF was strongly quenched. The loss of delayed emission with the
largest 'CT energies was the reason for the redshift of the solid-state
emission peak in oxygen-free conditions. All the above-mentioned
drawbacks were eliminated only by selecting a more rigid molecular
structure of 4CzPN. The second TADF compound was selected to
have similar TADF properties in solution but lower rotational
flexibility of donor units. Minor conformational disorder was
observed in solid-state with stable emission colour. More impor-
tantly, only a slight increase of TADF lifetime, as compared to that 1
of solution, was observed. This is especially important for the
production of TADF OLEDs with low external quantum efficiency 1
roll-off, which is known to depend on the TADF lifetime. The
reliability of the suggested design principle was evaluated in the 1
second set of compounds, when two TADF compounds with an
alike acceptor fragment but distinct donor units with different
steric hindrance, PTZ-mPYR and PXZ-PYR, were compared. As it 1
was expected, the minimized conformational disorder was
evidenced for the compound with more sterically constrained
planar donor unit. Our analysis clearly shows that the design of 1
solid-state efficient TADF compounds requires more delicate
approaches, when the stiffness of the molecular structure is as 1
important as efficient separation of HOMO and LUMO overlap 1
and strong coupling between the triplet states.
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ABSTRACT: Thermally activated delayed fluorescence (TADF) o
materials, combining high fluorescence quantum efficiency and . | PXZmUPYR, ©\0

short delayed emission lifetime, are highly desirable for application ] N 08
in organic light-emitting diodes (OLEDs) with negligible external ©/ O P O \©
quantum efficiency (EQE) roll-off. Here, we present the pathway ol & o4
for shortening the TADF lifetime of highly emissive 4,6-bis[4-(10- A, optimized structure with
phenoxazinyl)phenyl]pyrimidine derivatives. Tiny manipulation of ~ R,=methyl and R,=H shows 02
the molecular structure with methyl groups was applied to tune the  Tior of 860 ns in DPEPO and
singlet—triplet energy-level scheme and the corresponding OLED EQE of 29.1%.

coupling strengths, enabling the boost of the reverse intersystem

crossing (rISC) rate (from 0.7 to 6.5) X 10° s~' and shorten the

TADEF lifetime down to only 800 ns in toluene solutions. An almost identical TADF lifetime of roughly 860 ns was attained also in
solid films for the compound with the most rapid TADF decay in toluene despite the presence of inevitable conformational disorder.
Concomitantly, the boost of fluorescence quantum efficiency to near unity was achieved in solid films due to the weakened
nonradiative decay. Exceptional EQE peak values of 26.3—29.1% together with adjustable emission wavelength in the range of 502—
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536 nm were achieved in TADF OLEDs. Reduction of EQE roll-off was demonstrated by lowering the TADF lifetime.
KEYWORDS: TADF, pyrimidine, phenoxazine, conformational disorder, rISC, OLEDs

Bl INTRODUCTION

Thermally activated delayed fluorescence (TADF) is an
elegant way to employ the “dark” triplet states in organic
light-emitting diode (OLED) devices and to achieve nearly
100% internal quantum efficiency”” without the usage of
expensive and rare heavy metals, for example, iridium.”* The
recent progress in design of TADF materials’™” and under-
standing the processes behind the reverse intersystem crossing
(rISC)*~" led to the realization of green and sky-blue TADF
OLEDs with external quantum efficiency (EQE) values
approaching 40%.'“"” However, large EQE values usually are
demonstrated only at low luminance, and pronounced EQE
roll-off at larger luminance usually is observed due to the
emergence of triplet—triplet, singlet—triplet, and similar
annihilation pathways.'*'* Boosting the rISC rate has been
shown to be the successful strategy for lowering the EQE roll-
off;'”~*! however, shortening the TADF lifetime is rather a
difficult task,>** requiring the minimization of energy gaps
between the coupled singlet and triplet states.”>® This is
achieved by selecting the appropriate electron-donating (D)
and electron-accepting (A) units and bounding them in an
appropriate molecular geometry.”' Among the wide variety of
possible donor fragments, phenoxazine (PXZ) was shown to

© 2020 American Chemical Society
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be a good candidate for achieving the short TADF lifetime
together with a high fluorescence quantum yield**~** due to
the strong enough electron-donating properties and ability to
show large steric hindrance to acceptor units.”*> However,
being noncontinuously conjugated, phenoxazine is found in
two forms, planar and crooked conformation, and only the
planar form shows strong TADF.**** This issue can be solved
by weakening the interaction between the phenoxazine and the
electron-accepting part of the TADF molecule by introducing
the spacer unit, minimizing the population of crooked
conformations, and enhancing the number of TADF-active
planar orientations.”*** The application of such molecular
design by using phenoxazine D and suitable pyrimidine (PYR)
electron-acceptor (A) together with phenyl spacer units (s) in
a D-s-A-s-D layout allowed to achieve highly efficient single-
band fluorescence with a TADF lifetime of 2.56 us together
with an EQE value of 19.9%.”* The later modification of a
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Scheme 1. Synthesis of 4,6-Bis[4-(10-phenoxazinyl)phenyl]pyrimidines PXZ-PYR, PXZ-muPYR, PXZ-mdPYR, and PXZ-
2mPYR”

Q5 oy
ot

Ry=H (1a) N N N
Ry=CHj (1b)
N N \N
i i ~z
Q R, N_N R
4
Ry=R,=H (PXZ-PYR) (42%)
o N B(OH), Ry=CHjy, R,=H (PXZ-muPYR) (54%)
Ry=H, Hy (PXZ-mdPYR) (81%)
2 Ry=R,=CHa; (PXZ-2mPYR) (95%)

“Reagents and conditions: (i) boronic ester 1a or 1b (2.2 equiv), Pd(PPh;), (10 mol %), aq. K,CO; (15 equiv), glyme, 80 °C, 24 h; (ii) boronic
acid 2 (2.5 equiv), Pd(OAc), (10 mol %), PPh; (20 mol %), aq. Na,COj (6.2 equiv), glyme, 90 °C, 24 h; (iii) phenoxazine (2.2 equiv), Pd,dba; (S
mol %), P(t-Bu);-HBF, (10 mol %), NaOt-Bu (3 equiv), toluene, Ar, 110 °C, 24 h.

promising phenoxazine—pyrimidine structure by different aryl respectively). '"H NMR and *C NMR spectra were referenced to
and methyl moieties at the pyrimidine unit resulted in residual solvent peaks. High-resolution mass spectrometry (HRMS)
subsequent lowering of the TADF decay time down to 1.99 analyses were carried out on microTOF-Q II or microTOF-Q III
s while preserving a high emission yield 2425 porther mass spectrometers (Bruker). DSC curves were measured by Mettler

substantial shortening of the TADF lifetime down to 1.32 us g‘oledo DSC1 apparatus using aluminum cru§lbles under N > flow.
ample mass was around 8—10 mg, and heating and cooling rates

for the analogous phenoxazine—pyrimidine compounds was were 10 K/min. TADF compounds were analyzed in 1 x 10~ M
achieved by introducing Cl or Br atoms and enhancing both toluene solutions, 1 wt % PMMA, and 10 wt % DPEPO films. Solid-
ISC and rISC rates due to internal heavy-atom effect, state films were prepared by dissolving each material and host at
simultaneously preserving a high fluorescence quantum yield. appropriate ratios in toluene solutions and then wet-casting the
This strategy also allowed to increase peak EQE values up to solutions on quartz substrates. Absorption spectra were measured
25.3%.” However, boosting the rISC rate by halogenation using a Lambda 950 UV/Vis spectrophotometer (PerkinElmer).
results in the redshift of the emission wavelength,zs'r/’ 3 which Time-integrated fluorescence spectra (TIFL), time-resolved fluo-

rescence spectra (TRFL), phosphorescence spectra and fluorescence
decay transients were measured using a nanosecond YAG:Nd** laser
NT 242 (Ekspla, 7 = 7 ns, pulse energy 200 uJ, A, = 300 nm,
repetition rate = 1 kHz) and time-gated iCCD camera New iStar

is beneficiary while seeking the green-to-yellow emission,
however other approaches are needed for blue TADF.
Inspired by the potential of pyrimidine—phenoxazine TADF

compounds for achieving rapid and highly efficient TADF, we DH340T (Andor). Fluorescence transients were obtained by
performed the further modification of the 4,6-bis[4-(10- exponentially increasing delay and integration time. This allows to
phenoxazinyl)phenyl]pyrimidine molecular structure aiming record up to 10 orders of magnitude in time and intensity of the
the additional shortening of the TADF lifetime. Tiny alteration fluorescence decay.” Fluorescence quantum yields (®r) within the
of the molecular structure was performed by inserting methyl +5% error of the solutions and polymer films in ambient air were

estimated by the integrated sphere method"’ using an integrating
sphere (Sphere Optics) connected to the CCD spectrometer PMA-12
(Hamamatsu) via optical fiber. Solid-state samples were mounted in a
closed-cycle He cryostat (Cryo Industries 204 N) for all measure-
ments (for oxygen-saturated (+0O,) and oxygen-free (—0O,)

units at the different positions of the phenylpyrimidine
fragment, changing the geometry and rigidity of the molecular
structure. The comprehensive analysis of time-resolved
fluorescence spectra revealed the remarkable impact of methyl

substitution pattern to energy-level alignment and fluorescence conditions). Toluene solutions were degassed by using the freeze—
decay rate constants. An optimum molecular geometry was pump—thaw method. OLED devices were fabricated on precleaned
revealed with a balanced ratio between the singlet—triplet indium-tin oxide (ITO)-coated glass substrates. The small-molecule
energy splittings and corresponding coupling strengths, and cathode layers were thermally evaporated using a vacuum
showing the submicrosecond solid-state TADF lifetime and evaporation apparatus (Vacuum Systems and Technologies Ltd) at <6

X 107 Torr pressure and deposition rate of about 1 A/s. OLED
devices were encapsulated with a clear glass cover to prevent the
interaction with ambient atmosphere. Device current—voltage (I-V)
characteristics and electroluminescence properties were measured
using a calibrated integrating sphere (Orb Optronics) and CCD
spectrometer PMA-11 (Hamamatsu), powered by a 2601A power
B EXPERIMENTAL SECTION supply unit (Keithley).

Reagents and solvents were purchased directly from commercial

suppliers; solvents were purified by known procedures. Melting points B RESULTS AND DISCUSSION
were determined in open capillaries with a digital melting point
TA9100 series apparatus (Thermo Fisher Scientific) and were not h . 1 d d diphenylpyrimidi 1
corrected. Thin layer chromatography was performed using TLC phenoxazine ?ectron— onor and diphenylpyrimidine eecFron—
aluminum sheets with silica gel (Merck 60 F254). Visualization was acceptor units, ‘were syntheslzed' and compreh?ns'lv.ely
accomplished by UV light. Column chromatography was performed analyzed. 4,6-Bis[4-(10-phenoxazinyl)phenyl]pyrimidine

high emission yield. The optimized TADF compounds were
employed in optimized OLED devices as emitters with tunable
emission color. Outstanding peak EQE values of 26.3—29.1%
were obtained with minimized EQE roll-off.

Molecular Design. Four TADF compounds, bearing

using silica gel 60 (0.040—0.063 mm) (Merck). NMR spectra were (PXZ-PYR) was taken as a starting point for further
recorded on a Bruker Ascend 400 (400 and 100 MHz for 'H and °C, optimization due to the high solid-state fluorescence efficiency
10728 https://dx.doi.org/10.1021/acsami.9b21394
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Figure 1. (a) DFT-optimized molecular geometries of TADF compounds PXZ-PYR, PXZ-muPYR, PXZ-mdPYR, and PXZ-2mPYR. a, and @, are
dihedral angles between phenyl—phenoxazine and phenyl—pyrimidine units, respectively. (b)) HOMO and LUMO energies, S, — S,/T absorption
energies with corresponding transition oscillator strengths and S, — T energy gaps (AEsy) and 7-electron density distribution in the HOMO and
LUMO of compounds PXZ-PYR, PXZ-muPYR, PXZ-mdPYR, and PXZ-2mPYR.

(0.88) and rapid TADF decay (2.56 us).** Various
modifications of the PXZ-PYR structure were demonstra-
ted,”*?° seeking for the shortening of the TADF lifetime;
however, either the effect was rather low (from 2.56 to 1.99
us™) or the modification resulted in usually unwanted
narrowing of the bandgap.”® As a solution, molecular structure
modification of similar D-s-A-s-D TADF compounds bearing
acridine donor units by methyl units for the minimization of
Trapr Without the emission redshift was suggested by Komatsu
et al.*' The presented strategy allowed to widen the energy
gap and observe the blueshift of the emission peak. Such a
strategy was also successfully applied for different TADF
compounds.””™* Inspired by such observations and our
previous findings,”” we designed three new phenoxazine—
pyrimidine TADF compounds with methyl units introduced
into the acceptor unit. In contrast to Komatsu et al,*' we
tuned the twist angles not only between the pyrimidine and
phenyl units but also between the phenyl units and
phenoxazine, seeking for more pronounced alteration of
TADF properties and a molecular rigidity increase. Namely,
compound PXZ-muPYR was modified with meta-methyl units,
PXZ-mdPYR by ortho-methyl moieties, and PXZ-2mPYR by
both meta- and ortho-methyl units at the phenyl spacers (see
Scheme 1).

Synthesis and Thermal Properties. Synthetic routes of
the designed molecules PXZ-PYR, PXZ-mdPYR, PXZ-
muPYR, and PXZ-2mPYR are outlined in Scheme 1. 4,6-
Bis[4-(10-phenoxazinyl)phenyl]pyrimidine (PXZ-PYR)™ and
4,6-bis[3-methyl-4-(10-phenoxazinyl)phenyl]pyrimidine
(PXZ-muPYR) were synthesized by the Suzuki—Miyaura
cross-coupling reaction of 4,6-dichloropyrimidine (3) with
corresponding 4-(10-pheoxazinyl)phenyl boronates (1a,b) in
the presence of Pd(PPh;), as a catalyst. Coupling of boronic
acid 2 with 4,6-dichloropyrimidine (3) using Pd(OAc),/PPh;
as a catalyst system gave PXZ-mdPYR in a good yield (81%).
Compound PXZ-2mPYR bearing two methyl groups in a
phenyl spacer between pyrimidine and phenoxazine moieties
was obtained in an excellent yield (95%) by reacting 4,6-bis(4-
bromo-2,5-dimethylphenyl)pyrimidine (4), previously re-
ported by us,’’ with phenoxazine under the palladium-

10729
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catalyzed amination reaction conditions. For clarity, methyl
groups in the phenyl spacer will be hereinafter referred to as
follows: 2-methyl group in compounds PXZ-mdPYR and
PXZ-2mPYR as ortho-methyl group and 3-methyl group in
PXZ-muPYR and S-methyl group in PXZ-2mPYR as meta-
methyl groups. The synthetic details and characterization data
of the synthesized 4-(10-phenoxazinyl)phenylboronic acid
esters la,b, boronic acid 2, and target compounds PXZ-PYR,
PXZ-muPYR, PXZ-muPYR, and PXZ-2mPYR are presented
in the Supporting Information.

Differential scanning calorimetry analysis (see Figure S21 in
the Supporting Information) revealed that all phenoxazine—
pyrimidine compounds were molecular glasses with glass
transition temperatures ranging from 109 to 137 °C, typically
for similar phenoxazine—pyrimidine TADF materials.”**®

DFT Simulations. Quantum chemical calculations were
performed by using density functional theory (DFT) as
implemented in the Gaussian 09 software package at the
B3LYP/6-31G(d) level."” Polarizable continuum model
(PCM) was used to estimate the solvation behavior of the
toluene surrounding.

The synthesized phenoxazine—pyrimidine TADF com-
pounds PXZ-PYR, PXZ-muPYR, PXZ-mdPYR, and PXZ-
2mPYR were optimized at the ground-state molecular
geometry and 7-electron density distribution in the HOMO
and LUMO, and S, — S,/T, transition energies with
corresponding oscillator strengths were calculated (see Figure
1). DFT analysis revealed that the lowest-energy molecular
conformations were those with a planar (quasi-equatorial)
orientation of the PXZ unit’** (see Figure S22 in the
Supporting Information for the detailed analysis). The
phenoxazine fragment was nearly perpendicular in all
compounds with minor variations of the twist angle (angle
a, in Figure 1). The modification of the molecular structure
with ortho-methyl groups had a pronounced effect on the twist
angle between phenyl and pyrimidine units (angle a, in Figure
1). Both phenyls were weakly twisted with respect to the
pyrimidine fragment in PXZ-PYR and PXZ-muPYR; however,
a, angle increased from about 19° to nearly 43° after the
introduction of the ortho-methyl group due to the enhanced

https://dx.doi.org/10.1021/acsami.9b21394
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steric hindrance. It had an evident effect on the energies of
LUMO, which increased from about —2.04 to —2.10 eV for
compounds PXZ-PYR and PXZ-muPYR, respectively, and
from —1.82 to —1.88 eV for compounds PXZ-mdPYR and
PXZ-2mPYR, respectively, weakening the electron-accepting
ability and enlarging the bandgap, while the HOMO energies
were almost the same (from —4.76 to —4.79 eV). All
phenoxazine—pyrimidine compounds showed charge-transfer
(CT) character when the electron density in the HOMO
mostly was distributed over the phenoxazine unit, while in the
LUMO, the r-electron density was localized over the
diphenylpyrimidine moiety. Molecular structure modification
also had the pronounced effect on singlet and triplet transition
energies and the corresponding oscillator strengths. S, — S,
transition energies ranged at 2.224—2.298 eV for PXZ-PYR
and PXZ-muPYR with an oscillator strength of 0.0013—
0.0016. The enlarged S, — S, transition energies up to about
2495 eV with an oscillator strength of 0.0002—0.0003 were
observed for ortho-methyl modified compounds PXZ-mdPYR
and PXZ-2mPYR with the lowest electron cloud overlap in the
HOMO and LUMO and the weakest electron-acceptor. The
same trend was also estimated for S, — T, transition, when the
transition energies of <2.3 eV were estimated for compounds
PXZ-PYR and PXZ-muPYR and >2.4 eV for PXZ-mdPYR
and PXZ-2mPYR with corresponding singlet—triplet gaps of
only 5—6 meV. Such a negligible splitting shows the possibility
of highly efficient TADF with controllable emission properties.

Absorption and Emission Properties. The impact of
molecular core modifications for absorption and fluorescence
properties of phenoxazine—pyrimidine compounds was
revealed by analyzing absorption and emission spectra in
toluene solutions (see Figure 2 and Table 1).
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Figure 2. Absorption and fluorescence spectra of compounds PXZ-
PYR, PXZ-muPYR, PXZ-mdPYR, and PXZ-2mPYR in toluene.
Absorption spectra of diphenylpyrimidine A and phenoxazine D units
are also shown.

Two regions can be discerned in the absorption spectra,
peaking at about 300—320 and 380—400 nm (with absorption
tail until about 500 nm). The absorption peaks at the higher
energies were the composition of the absorption of individual
phenoxazine and phenylpyrimidine units. Since no absorption
of donor or acceptor units extended beyond ~375 nm, the
lower energy absorption band was attributed to the absorption
of charge-transfer states.”*>**® Larger molar absorption values
(up to about 3900 M™" cm™") were observed for compounds
PXZ-PYR and PXZ-muPYR, in line with DFT predictions.
Fluorescence spectra of compounds PXZ-PYR, PXZ-muPYR,
PXZ-mdPYR, and PXZ-2mPYR peaked at 519—543 nm in
toluene solutions, typically for phenoxazine-based TADF
compounds.***’ The introduction of methyl groups into the
phenyl spacer unit allowed us to tune the CT emission
wavelength for 100 meV when the fluorescence of the
unmodified PXZ-PYR peaked at 543 nm and blueshifted up
to 519 nm for PXZ-2mPYR. This was achieved by the
manipulating the electron density overlap in the HOMO and
LUMO and the strength of donor unit, as shown by DFT
calculations. Fluorescence quantum yields (@) of TADF
compounds in toluene solutions ranged from 0.1 to 0.15 and
were larger for compounds without the meta-methyl fragments
(see Table 1).

To reveal the nature of ®p variation, radiative (k,) and
nonradiative (k,,) fluorescence decay rates of phenoxazine—
pyrimidine compounds were estimated (see Table 1).
Compounds PXZ-PYR and PXZ-muPYR with the largest
oscillator strength showed the most rapid radiative decay;
however, k, was almost twice lower for PXZ-muPYR, resulting
in ®p decrease. Simultaneously, both PXZ-PYR and PXZ-
muPYR with the most flexible molecular structure showed the
fastest nonradiative decay due to the pronounced excited-state
relaxation (and/or, probably, different ISC rates), though the
introduction of the meta-methyl unit lowered the nonradiative
decay for about 17%. The further modification of the
molecular structure with ortho-methyl units weakened the
HOMO-LUMO overlap and lowered the radiative decay rate.
Despite that, compounds PXZ-mdPYR and PXZ-2mPYR
benefited from the more rigid molecular structure, leading to
about 60% lowered nonradiative decay rate.**** The weaker
nonradiative decay, despite the lowered radiative decay rate,
resulted in enhanced @y for compound PXZ-mdPYR, almost
the same as for PXZ-PYR with the largest k..

The nonradiative decay was further suppressed by
embedding phenoxazine—pyrimidine compounds in solid
polymer films. In this case, the emission peaked at 498—513
nm, slightly blueshifted with respect to toluene solutions due
to weaker solid-state solvation in the PMMA surrounding®’
(see Figure S23 in the Supporting Information). Same as in

Table 1. Absorption and Emission Data of Compounds PXZ-PYR, PXZ-muPYR, PXZ-mdPYR, and PXZ-2mPYR in Toluene

Solutions
compounds Aaps (nm)“ e M em™)? Agy, (nm)©
PXZ-PYR 402 3880 543
PXZ-muPYR 401 2880 530
PXZ-mdPYR 375 3100 528
PXZ-2mPYR B below 2000* 519

“Peak wavelength of the lowest energy absorption band. *, no clear absorption
band. *, approximate value. “Peak wavelength of the fluorescence spectrum.

@7 key, (X107 s71)° k, (x10° s71) ke (X107 s71)E
0.15 7.5 113 6.4
0.1 6.1 6.1 55
0.14 4.0 5.6 34
0.1 42 42 38

;eak “Molar absorption coefficient of the lowest energy absorption
Fluorescence quantum yield. “Fluorescence decay rate. /Radiative

fluorescence decay rate (kg X @ ). SNonradiative fluorescence decay rate (kg X (1 — @p)).
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toluene, unmodified PXZ-PYR peaked at the longest wave-
lengths, while compounds modified with ortho-methyl units
peaked at the shortest wavelengths. Fluorescence quantum
yields of compounds in PMMA films were enhanced due to the
largely minimized nonradiative decay. ®; were 0.26, 0.16, 0.19,
and 0.13 for PXZ-PYR, PXZ-muPYR, PXZ-mdPYR, and
PXZ-2mPYR, respectively (see Figure S24 in the Supporting
Information for the estimation of @ for polymer films). A
more pronounced increase in ®p was estimated for less rigid
compounds.

Phosphorescence (PH) properties of phenoxazine—pyrimi-
dine compounds were investigated by analyzing low-temper-
ature spectra of 1 wt % PMMA films (see Figure 3). Clear

! 1Twt% PMMA films
10K, 100 ps delay,
integration time 890 ps|

PXZ-PYR E

—— PXZ-muPYR

—— PXZ-mdPYR

—— PXZ-2mPYR

PXZ donor unit

L L
500 550 600 650

Wavelength (nm)

Emission intensity (arb .un.)

Figure 3. Normalized emission spectra of 1 wt % PMMA films of
compounds PXZ-PYR, PXZ-muPYR, PXZ-mdPYR, and PXZ-
2mPYR and the phenoxazine (PXZ) donor unit at 10 K. Spectra
were obtained after 100 us delay with 890 us integration time.

vibronic progression was observed, typically for localized-
excited state (’LE) emission. Vibronic bands of more rigid
compounds PXZ-muPYR, PXZ-mdPYR, and PXZ-2mPYR
peaked at the same wavelengths as that of the phenoxazine
donor fragment, and the intensity of the Oth vibronic band was
the largest for the most rigid PXZ-2mPYR, indicating
negligible reorganization of the molecular structure in the
excited state. On the other hand, those strongly overlapped
and broadened lower energy vibronic bands clearly dominated
in the phosphorescence spectrum of the least sterically
constrained PXZ-PYR, though the weak Oth vibronic band
still was visible. Therefore, all phosphorescence spectra
originate from the phenoxazine electron-donor unit with the
same T, energy of 2.72 eV. These results contradicts with
other reports of similar D-s-A-s-D phenoxazine—pyrimidine
materials and even the report of same compound PXZ-PYR™*
when the T, states were shown to be at the lower
energies.“_26 The estimated singlet—triplet energy gaps of
phenoxazine—pyrimidine compounds in PMMA films (calcu-
lated by subtracting the energy of phosphorescence’s Oth
vibronic peak from the onset energy of fluorescence spectra)
were in the range of 10—150 meV (10, 70, 150, and 130 meV
for PXZ-PYR, PXZ-muPYR, PXZ-mdPYR, and PXZ-2mPYR,
respectively; see Figure S2S in the Supporting Information).
The lowest AEg was estimated for compounds PXZ-PYR and
PXZ-muPYR, while the compounds with the lowered
HOMO-LUMO overlap showed enlarged AEgy.

To sum up, the introduction of methyl groups to the
bridging phenyl unit enabled the significant reduction of k,;
however, it also decreased k, and enlarged the singlet—triplet

energy gaps. Later, it will be shown to have the crucial impact
to TADF properties.

TADF Properties. In this section, solution and solid-state
TADF properties of phenoxazine—phenylpyrimidine com-
pounds will be discussed. All materials showed delayed
fluorescence of TADF nature in both toluene solutions and
PMMA films, as demonstrated by its temperature activation
(see Figure S26 in the Supporting Information) and quenching
by molecular oxygen (see Figures S27 and S28 in the
Supporting Information). The fluorescence intensity of toluene
solutions was strongly enhanced upon the oxygen removal for
compounds PXZ-muPYR and PXZ-2mPYR (for $2-5.3
times), while for PXZ-PYR and PXZ-mdPYR, the enhance-
ment was lower (for 2.7—2.8 times). Although ®f, was rather
similar for all compounds in —O, toluene (0.38—0.53),
fluorescence quantum yields of delayed fluorescence (®pp)
were markedly larger for PXZ-muPYR and PXZ-2mPYR than
those for PXZ-PYR and PXZ-mdPYR (~0.42 vs ~0.25),
together with remarkably enhanced DF/PF ratios (~4.3 vs
~1.8).

The TADF lifetime of phenoxazine—pyrimidine compounds
in toluene solutions (see Figure 4a and Table 2) was rather fast

Toluenel
PXZ-PYR ]
PXZ-muPYR+
PXZ-mdPYR |
PXZ-2mPYR
1

o | 1

10 wt% DPEPO 1

Normalized fl int. (arb. un.)

10 .
b) :

Prompt FL | TADF

F< P ——
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A

Figure 4. Normalized fluorescence decay transients of phenoxazine—
pyrimidine TADF compounds in (a) —O, toluene and (b) 10 wt %
DPEPO films. Color lines are biexponential fits, while the black line in
(b) is a triexponential fit.

for compounds PXZ-PYR, PXZ-mdPYR, and PXZ-2mPYR
with the lifetime ranging from 1.6 to 4.0 us, while for PXZ-
muPYR, the TADF decay time decreased down to 0.8 us. This
value was among the lowest reported for solutions,”**>>%3%>!
though the low TADF lifetime in solutions with @y of only
~0.5 could also be affected by the nonradiative fluorescence
recombination.” Clearly, the molecular structure had a direct
effect on TADF properties, altering the rates of ISC and rISC
in toluene solutions (see Table 2). According to Gibson et al,®
efficient ISC and rISC require the combination of large spin-
orbit coupling between 'CT and >LE states and large vibronic
coupling between LE and 3CT states (via the torsion of D-A
angle), together with small corresponding energy gaps
(*CT-3LE and 3LE-*CT, respectively).

In our case, we obviously tune the rotational flexibility of
PXZ unit and alter the 'CT-’LE gap by changing the HOMO—
LUMO overlap. Likewise, >LE-*CT gaps may also be different,

https://dx.doi.org/10.1021/acsami.9b21394
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Table 2. TADF Properties of Compounds PXZ-PYR, PXZ-muPYR, PXZ-mdPYR, and PXZ-2mPYR in —O, Toluene”

DEF®
compounds (o PF D! Tpp (ns)®
PXZ-PYR 0.15/0.27/0.42 1.8 0.64 133
PXZ-muPYR 0.1/0.42/0.52 42 0.81 16.4
PXZ-mdPYR 0.14/0.24/0.38 L7 0.63 25.0
PXZ-2mPYR 0.1/0.43/0.53 4.3 0.81 238

“Calculations were carried out according to Dias etal s b

Trapr (4s) ki (10° 57 ks (107 S_l)h kasc (10°s7)’
1.6 16.0 4.8 L8
0.8 5.6 4.9 6.5
4.0 9.2 2.5 0.7
2.1 3.7 3.4 2.5

Fluorescence quantum yield of prompt, delayed, and total fluorescence, respectively.

“Delayed fluorescence/prompt fluorescence intensity ratio. “Triplet yield. It was estimated according to ref 53 using PH lifetime from Figure $29 in
the Supporting Information. “Fluorescence decay time. JTADF decay time. “Internal conversion rate. "Intersystem crossing rate. ‘Reverse
intersystem crossing rate. Alike ks values, we also obtained accordingly to the model for compounds with k, & k;sc; see Table S1 in the

Supporting Information.

while the spin-orbit coupling constants should be similar for
compounds with a similar molecular structure.”® All this
resulted in changes of the ISC rate (from 4.8 to 4.9) X 107 s™!
for compounds PXZ-PYR and PXZ-muPYR, respectively, and
(from 2.5 to 3.4) X 107 s~ for PXZ-mdPYR and PXZ-
2mPYR, respectively, together with more pronounced
variation of the rISC rate from 6.5 X 10° s™! (for PXZ-
muPYR) to 0.7 X 10° s™! (PXZ-mdPYR). Both rates were
clearly lower for compounds with larger 'CT-’LE splittings but
the same rotational flexibility of PXZ unit (e.g., PXZ-PYR vs
PXZ-mdPYR and PXZ-muPYR vs PXZ-2mPYR). Here, the
decrease in ISC and rISC rates mostly was caused by the
enhancement of 'CT-’LE gaps. Surprisingly, the increase in
both rates was found for compounds with more sterically
constrained PXZ units, lowered IC rates, and, supposedly,
weakened vibronic coupling between *LE and *CT states™*
(PXZ-PYR vs PXZ-muPYR and PXZ-mdPYR vs PXZ-
2mPYR). In this case, the decrease in ’LE-*CT gaps for
meta-methyl modified compounds PXZ-muPYR and PXZ-
2mPYR probably was the cause of enhanced ISC and rISC
rates, "’ though the exact mechanism still is debatable. The
largest rISC rate (6.5 X 107 s™') and, therefore, the most
rapid TADF decay (0.8 us) was estimated for PXZ-muPYR
together with one of the largest ®r,pp (0.42) due to the largest
kgsc/kic ratio. On the other hand, the weakened IC rate for
PXZ-2mPYR allowed us to achieve the same TADF quantum
yield together with a large enough rISC rate of 2.5 X 107¢ s~
as for PXZ-muPYR having 45% more rapid radiative decay.
However, the nonradiative decay still was strong for all
compounds, resulting in @ way below 1.

The boost of the fluorescence quantum yield was achieved
by embedding the TADF compounds into the solid PMMA
polymer matrix in —O, conditions. Although the rotational
flexibility of the molecular structure already was reduced by the
introduction of methyl groups, the additional suppression of
structural relaxation in a more rigid surrounding eliminated the
remaining nonradiative decay. Near-unity @ were observed
for compounds PXZ-PYR, PXZ-muPYR, and PXZ-mdPYR
(0.92, 0.94, and 0.95, respectively). A somewhat lower @ of
0.72 was estimated for PXZ-2mPYR with the largest AEg. M
For further solid-state TADF analysis, small-molecule host
DPEPO (bis(2-(diphenylphosphino)phenyl) ether oxide) was
selected due to the large triplet energy and larger polarity.*®
Similar to those of PMMA @ values were obtained for 10 wt
% DPEPO (bis(2-(diphenylphosphino)phenyl) ether oxide)
films, when, for example, a @ of 0.84 was estimated for PXZ-
muPYR, comparable to that in PMMA within the measure-
ment error. The more polar DPEPO surrounding favored more
pronounced stabilization of CT energies, though the emission

energies were slightly redshifted with respect to PMMA films
(A = 515—542 nm; see Figure S30 in the Supporting
Information).'CT-3LE gaps were also reduced to nearly zero
for PXZ-PYR and PXZ-muPYR and 50—100 meV for PXZ-
mdPYR and PXZ-2mPYR, respectively (see Figure S30 in the
Supporting Information). Prompt fluorescence decay transi-
ents of 10 wt % DPEPO films of compounds PXZ-PYR, PXZ-
muPYR, PXZ-mdPYR, and PXZ-2mPYR in the -0,
surrounding (see Figure 4b) were similar to toluene solutions;
however, the TADF decay was strongly multiexponential for
compounds PXZ-muPYR, PXZ-mdPYR, and PXZ-2mPYR
due to the presence of conformational disorder (see Figure S31
in the Supporting Information for time-resolved spectra,
showing temporal shifts of the emission peak).””*>**~%!
Although no exact TADF lifetime and decay rates could be
estimated, still the slowest TADF decay could be attributed for
PXZ-2mPYR. On the contrary, an approximate three-
exponential fit of fluorescence decay transient was successfully
applied for PXZ-muPYR with the most rapid rISC in
toluene,” though the latest DF decay tail (from about 107°
to about 107* s) still was impossible to fit. Roughly, a solid-
state TADF lifetime of only 860 ns was obtained, being one of
the lowest among the ever reported for various TADF
compounds”*"*"** and especially for pyrimidine derivatives
(see Table S2 in the Supporting Information).

To sum up, molecular structure modification by small
methyl units is a powerful strategy for tunning of TADF
properties. Later, the enhanced TADF decay rate together with
a large fluorescence quantum yield will be shown to be
essential for achieving highly efficient electroluminescence with
low EQE roll-off.

Electroluminescence Properties. At the final stage,
electroluminescence properties of phenoxazine—pyrimidine
compounds PXZ-PYR, PXZ-muPYR, PXZ-mdPYR, and
PXZ-2mPYR were elucidated (see Figure S and Table 3).
Typical for similar phenoxazine—pyrimidine TADF com-
pounds OLED structure was used:**™*° indium tin oxide
(ITO)/1,1-bis[ (di-4-tolylamino)phenyl]cyclohexane (TAPC)
(30 nm)/4,4',4”-tri(N-carbazolyl)triphenylamine (TCTA) (S
nm)/10 wt % TADF emitter:DPEPO (bis(2-
(diphenylphosphino)phenyl) ether oxide) (1S nm)/1,3,5-
tri(m-pyridin-3-yl-phenyl)benzene (TmPyPB) (65 nm)/lith-
jum fluoride (LiF) (0.8 nm)/Al (100 nm). However, contrary
to the reports of similar phenoxazine—pyrimidine com-
pounds,”*~*® the high triplet energy host DPEPO (Ey = 3.3
€V”®) was used rather than CBP with lower triplet energy (Ey
= 2.6 eV™) to efficiently confine triplet excitons (T, = 2.72
V) in the emissive layer. Neighboring compounds TCTA and

https://dx.doi.org/10.1021/acsami.9b21394
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Figure S. (a) Voltage—current density and voltage—luminance curves
of the OLEDs. (b) External quantum efficiency dependence on the
luminance of the OLEDs. Inset: electroluminescence spectra of
devices at a driving voltage of 9 V.

TmPyPB were also selected to have larger T, energies than of
emitting compounds to assist the exciton confinement.*>**
Electroluminescence (EL) spectra of all OLED devices (see
the inset in Figure Sb) showed the emission only from the
TADF emitter with no additional peaks from the host or
neighboring materials. EL spectra peaked in the range of 502—
536 nm. The alteration of the molecular structure allowed us
to tune the EL peak wavelength from green, peaking at 536 nm
for PXZ-PYR (CIE color coordinates of (0.35, 0.56)) to cyan
for PXZ-2mPYR, peaking at 502 nm (CIE color coordinates of
(0.23,0.42)). EL turn-on voltages were in the range of 2.5-3.3
V, typically for OLEDs with a weakly electroactive DPEPO
host.”>*® The estimated peak values of power efficiency and
luminance were in the range of 53.3—84.1 Im/W and 4214—
22,730 cd/m?” Very high external quantum efficiency (EQE)
values were obtained, being among the highest values for
pyrimidine compounds (see Table S3 in the Supporting
Information). Compound PXZ-muPYR with the most rapid
rISC and near-unity fluorescence quantum yield showed a peak
EQE of 29.1% for green electroluminescence without
introducing any outcoupling enhancement technique, con-

sistent with high @y values and considering a light extraction
yield of 0.2-0.3°" (though the presence of molecular
alignment of rod-like molecules, enhancing the outcoupling,
still is possible’”*®). A weak EQE roll-off of about 30% was
observed when the EQE decreased down to 20.5% at the
practical luminance of 1000 cd/m” A low EQE roll-off was
achieved due to the short TADF lifetime of only 860 ns,
weakening the EQE quenching by tri{)let—triplet and singlet—
triplet annihilation at high luminance.'”*° The combination of
submicrosecond solid-state TADF lifetime and near 30%
OLED EQE puts compound PXZ-muPYR among the most
efficient TADF emitters (see Table S3 in the Supporting
Information). Further optimization of EQE roll-off probably
could be achieved by selecting a high T, host layer with larger
carrier drift mobilities.*” Also, very large EQE values were
obtained for compounds PXZ-PYR and PXZ-mdPYR with
similar near-unity ®; values, reaching 27.9 and 27.5%,
respectively, though EQE roll-off was markedly larger due to
the slower TADF decay. The lowest, though still large, peak
EQE of 26.3% of cyan EL was estimated for compound PXZ-
2mPYR with the lowest solid-state ®p; however, the EQE roll-
off was rather large (an EQE of 8.9% at the luminance of 1000
cd/mz) due to the largest TADF lifetime. Therefore, all the
OLEDs with phenoxazine—phenylpyrimidine TADF emitters
showed high EQE values, ranging from 26.3 to 29.1%, differing
mainly by EQE roll-off, which was determined by the TADF
lifetime.

Bl CONCLUSIONS

In summary, we presented the synthesis, comprehensive
analysis, and device application of a series of TADF
compounds based on the phenoxazine—phenylpyrimidine
structure with high TADF efficiency and rapid delayed
fluorescence decay. The modification of the molecular
structure with methyl groups at the acceptor unit was
employed to tune the acceptor properties and donor—acceptor
interaction, which were shown to have a significant effect on
emission properties of TADF compounds. First, the
introduction of ortho-methyl units was found to reduce the
acceptor strength, resulting in enlarged 'CT-LE energy gap
and lowered rISC rate together with lowered TADF efficiency.
On the contrary, the modification of the molecular structure
with meta-methyl fragments was shown to be beneficial for
enhancing the rISC rate up to 6.5 X 10° 5™ and shortening the
TADF lifetime to 800 ns in toluene solutions. Lowering the
SLESCT energy gap was attributed as the nature of TADF
enhancement. The modification of the phenoxazine—phenyl-
pyrimidine molecular structure by introduction of both ortho-
and meta-methyl units into the phenyl moiety was shown to
lower the rISC rate and prolong TADF lifetime due to the

Table 3. Electroluminescence Properties of Phenoxazine—Pyrimidine TADF Compounds PXZ-PYR, PXZ-muPYR, PXZ-

mdPYR, and PXZ-2mPYR

compounds Agy, (nm)* Vo (V)” EQE®
PXZ-PYR 536 33 27.9/18.0/12.3
PXZ-muPYR 529 2.7 29.1/25.0/20.5
PXZ-mdPYR S14 2.5 27.5/21.0/16.0
PXZ-2mPYR 502 29 26.3/16.9/8.9

PEpax (Im/w)? Lyax (cd/m?)* CIE (x, y)
84.1 214 (0.3, 0.56)
74.1 22730 (0.32, 0.55)
752 7702 (027, 0.49)
533 12476 (023, 0.42)

“Electroluminescence peak wavelength. PElectroluminescence turn-on voltage. “External quantum yield. The order of measured values: maximum/
at 100 cd/m?/at 1000 cd/m> “Peak values of power efficiency. “Peak values of luminance.’Commission Internationale de I'Eclairage coordinates

recorded at 9 V.
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enlarged 'CT-’LE energy gap; however, the weakened IC rate
allowed us to achieve a very large TADF quantum yield. An
enhanced fluorescence quantum yield, reaching near unity, was
achieved after the insertion of compounds in solid films and
elimination of remaining nonradiative decay, though the solid-
state @ was slightly lower for compounds with both ortho- and
meta-methyl units. Despite the @ enhancement, the unwanted
conformational disorder appeared in solid films, resulting in
multiexponential TADF decay transients, though the TADF
decay of the meta-methyl modified compound was successfully
approximated with the three-exponential model, and a decay
time of only about 860 ns was estimated, being one of the
lowest reported for TADF compounds. Although no solid-state
TADF lifetime was possible to evaluate for the rest of
compounds, still it was evident that the slowest decay was for
the compound with both methyl units. Highly efficient green
electroluminescence with weak EQE roll-off was obtained
when the external quantum efficiency of OLEDs made of the
compound with the shortest TADF lifetime peaked at 29.1%,
and an EQE of 20.5% was observed at a practical luminance of
1000 cd/m? Slightly lower peak EQE values of 27.1-27.5%
with more pronounced EQE roll-off were obtained for
compounds with slower TADF decay. Cyan EL with peak
EQE of 26.3% was observed for ortho- and meta-methyl
modified compounds with the shortest conjugation length,
though the EQE roll-off was rather large due to the prolonged
TADF decay.

Our results show that the fine-tuning of the TADF emitter
structure by methyl groups enable the adjustment of the rISC
rate, which directly controls the OLED performance at high
current densities and enlarges the bandgap, which is favorable
for the design of blue TADF emitters. Our insights, we believe,
would be important for the optimization of TADF with
compounds with diverse molecular structures.
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ARTICLE INFO ABSTRACT

Keywords: An approach for achieving deep blue thermally activated delayed fluorescence (TADF) is presented. A simple
TADF carbazole-pyrimidine compound Cbz-PYR with near-UV emission and simultaneous room-temperature phos-
OLED phorescence (RTP) was selectively modified by lowering the singlet state energy, simultaneously preserving high
E;e;\li):i.\;ﬂuorescence triplet energy. The modified compound tCbz-mPYRs was shown to be efficient TADF emitter with 0.5 solid-state
Carbazole emission yield and peak wavelength of 428 nm. When used in OLED device, tCbz-mPYRs based OLED showed
HISC electroluminescence with 8.7% external quantum efficiency (EQE) and Commission Internationale de I'Eclairage

(CIE) coordinates of (0.16; 0.12).

1. Introduction

TADF is an attractive way to achieve 100% internal fluorescence
quantum yield without involving any expensive heavy atoms by con-
verting all excitations to singlet ones by thermal activation [1]. Usually,
this is achieved by constructing TADF compounds from
electron-donating (D) and —accepting (A) units, decreasing the spatial
overlap of electron density distribution in highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbitals (LUMO),
resulting in narrowing the singlet-triplet energy gap (AEgt) up to values,
comparable to thermal energy at room temperature [1,2]. The successful
optimization of TADF compounds led to the realization of TADF OLEDs
with external quantum EQE approaching 40% without applying any
additional EQE enhancement techniques (only spontaneous molecular
orientation) [3] and more than 60% with those techniques applied [4].
However, TADF efficiency is remarkably lower for deep-blue emission
(CIEy < 0.1), which is necessary for successful TADF OLED application in
full-colour displays [5]. In this case, EQE of the most efficient deep-blue
TADF OLEDs usually approaches 20% and only very rarely exceeds 20%
[6-8]. It is rather difficult to find suitable D and A units with limited
conjugation length and high triplet energy and bound them in a suitable
architecture [5]. Among the all candidates, 9,10-dihydroacridine de-
rivatives together with carbazole usually are used as D units while sul-
phone and nitrogen-containing moieties, like triazine, frequently are
used as A fragments for constructing deep-blue TADF compounds [5].

* Corresponding author.
E-mail address: tomas.serevicius@tmi.vu.lt (T. Serevicius).
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However, not all D and A units are stable enough. Usually,
nitrogen-containing donor and acceptor fragments, like carbazole,
triazine or benzonitrile are considered as more stable [9]. As an
example, the combined phenyl-carbazole-phenyl electron-donating
group with electron-accepting oxadiazole or nitrile units were shown to
be efficient deep-blue TADF emitters with high device lifetime [10-13].
However, pyridine/pyrimidine-carbazole compounds, even with
noticeable TADF activity, are less explored as deep-blue emitters,
though they are successfully used as high triplet energy hosts [14,15].
Seeing the potential of carbazole-pyrimidine pair for achieving effi-
cient deep-blue TADF, we performed the design, synthesis, photo-
physical characterization as well as application in OLED devices of deep-
blue TADF emitter tCbz-mPYRs. Our approach for deep blue TADF
started from a simple carbazole-pyrimidine-carbazole (Cbz-PYR) com-
pound (see Scheme 1). Cbz-PYR was selected as suitable starting com-
pound due to high triplet energy and potentially suitable energy level
scheme for achieving triplet upconversion, evidenced by the presence of
weak room-temprature phosphoresence (RTP) [16]. To shift the emis-
sion wavelength of Cbz-PYR from ultraviolet towards the deep-blue and
narrow the singlet-triplet gap, the following design steps were applied:
3,6-di-tert-butyl units were introduced to increase the electron-donating
properties of D units; methyl group at the 5th position of pyrimidine unit
was introduced to lower the electron density overlap in HOMO and
LUMO; sulphur atom was introduced to enhance the ISC and rISC rates
and additionally redshift the emission peak [17-20]. The thorough
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Scheme 1. Synthesis of Cbz-PYR and tCbz-mPYRs. Reagents and conditions: i-
carbazole (2.06 equiv.), Cs,CO3, DMF, 100 °C; 24 h; ii — 3,6-di-tert-butylcar-
bazole (1.4 equiv.), Pdadbas (5 mol%), P(t-Bu)s*HBF,4 (10 mol%), NaOtBu (1.5
equiv.), toluene, 150 °C, 24 h.

analysis of photophysical and electroluminescence properties high-
lighted the significance of the adapted design principles for achieving
efficient deep-blue TADF with emission yield of 0.5 and the corre-
sponding OLED device performance of 8.7%.

2. Experimental section
2.1. General methods

Reagents and solvents were purchased directly from commercial
suppliers; solvents were purified by known procedures. Melting points
were determined in open capillaries with a digital melting point IA9100
series apparatus (ThermoFischer Scientific) and were not corrected.
Thin layer chromatography was performed using TLC-aluminum sheets
with silica gel (Merck 60 F254). Visualization was accomplished by UV
light. Column chromatography was performed using Silica gel 60
(0.040-0.063 mm) (Merck). NMR spectra were recorded on a Bruker
Ascend 400 (400 MHz and 100 MHz for H and 13C, respectively). H
NMR and '*C NMR spectra were referenced to residual solvent peaks.
High Resolution Mass Spectrometry (HRMS) analyses were carried out
on microTOF-Q II or microTOF-Q III mass spectrometers (Bruker).
Thermogravimetric analysis (TGA) curves were measured by Perki-
nElmer STA6000 set-up, using aluminium oxide crucibles under Ny flow
with heating rate of 10 K/min. Differential scanning calorimetry (DSC)
curves were measured by Metler Toledo DSC1 aparatus, using
aluminium crucibles under N, flow (DSC). Sample mass was around
8-10 mg, heating and cooling rates were 10 K/min. TADF compounds
were analysed in 1 x 10~° M toluene solutions, 1 wt% PMMA and 10 wt
% DPEPO films. Solid-state films were prepared by dissolving each
material and host at appropriate ratios in toluene solutions and then
wet-casting the solutions on quartz substrates. Absorption spectra were
measured using Lambda 950 UV/Vis spectrophotometer (PerkinElmer).
Time-integrated fluorescence spectra (TIFL), phosphorescence, time-
resolved fluorescence spectra (TRFL) and fluorescence decay tran-
sients were measured using nanosecond YAG:Nd®* laser NT 242 (Ekspla,
T =7 ns, pulse energy 200 pJ, Aex = 300 nm, repetition rate 0.01-1 kHz)
and time-gated iCCD camera New iStar DH340T (Andor). Fluorescence
transients were obtained by exponentially increasing delay and inte-
gration time [21]. Fluorescence quantum yields (@) of the solutions and
polymer films in air ambient were estimated using the integrated sphere
method [22] by integrating sphere (Sphere Optics) connected to the CCD
spectrometer PMA-12 (Hamamatsu) via optical fibre. Solid-state sam-
ples were mounted in closed cycle He cryostat (Cryo Industries 204 N)
for all measurements (for oxygen-saturated and oxygen-free conditions).
Toluene solutions were degassed by using freeze-pump-thaw method.
OLED device were fabricated on precleaned indium-tin oxide (ITO)--
coated glass substrates. The small-molecule and cathode layers were
thermally evaporated using vacuum evaporation apparatus (Vacuum

Organic Electronics 82 (2020) 105723

Systems and Technologies Ltd) at <6 x 10~° Torr pressure and depo-
sition rate of about 1 A/s. OLED devices were encapsulated with a clear
glass cover to prevent the interaction with ambient. Device
current-voltage (I-V) characteristics and electroluminescence properties
were measured using calibrated integrating sphere (Orb Optronics) and
CCD spectrometer PMA-11 (Hamamatsu), powered by 2601 A power
supply unit (Keithley).

Quantum chemical calculations were performed by using density
functional theory (DFT) as implemented in the Gaussian 09 software
package at the B3LYP/6-31G(d) level [23]. Polarizable Continuum
Model (PCM) was used to estimate the solvation behaviour of toluene
surrounding.

2.2. Material synthesis

2.2.1. 4,6-Di(9H-carbazol-9-yl)pyrimidine (Cbz-PYR)

To a screw-cap vial with magnetic stirrer 2 mL of dry N,N-dime-
thylformamide, 50 mg (0.34 mmol) of 4.6-dichloropyrimidine (1a), 118
mg (0.70 mmol) of 9H-carbazole and 344 mg (1.06 mmol) of Cs2CO3
were placed and flushed with argon for 0.5 h. Reaction mixture was
heated at 100 °C for 24 h. Then, the mixture was cooled down to room
temperature, poured into water and extracted with chloroform (3 x 25
mL). Chloroform solution was dried with NaySO4 and concentrated
under reduced pressure to dryness. Residue was purified by column
chromatography (eluent — petroleum ether: CHCl3, 1:2) to afford 72 mg
(53%) of Cbz-PYR, mp 264-266 °C. "H NMR (400 MHz, CDCl3), 5, ppm:
7.42 (44, t, J = 7.5 Hz, Cbz); 7.54 (4H, t, J = 7.5 Hz, Cbz); 8.00 (1H, s,
Pyr); 8.15 (4H, d, J = 7.7 Hz, Cbz), 8.20 (4H, d, J = 7.7 Hz, Cbz), 9.37
(1H, s, Pyr). 13C NMR (100 MHz, CDCl3), 5, ppm: 105.5; 112.6; 120.4;
122.5; 125.5; 126.8; 138.8; 159.7; 160.1. HRMS-ESL: m/z calcd. for
[M+H]" (CagH19N4): 411.1604, found: 411.1606.

2.2.2. 4,6-Bis(3,5-di-tert-butyl-9H-carbazol-9-yl)-5-methyl-2-
methylthiopyrimidine (tCbz-mPYRs)

4,6-Dichloro-5-methyl-2-methylthiopyrimidine (1b) (120.0 mg,
0.574 mmol, 0.7 equiv.), 3,6-di-tert-butylcarbazole (228.9 mg, 0.820
mmol, 1 equiv.), Pdy(dba)s (26.3 mg, 0.0287 mmol, 5 mol%), P(t-
Bu)3-HBF4 (16.7 mg, 0.0574 mmol, 10 mol%), NaOt-Bu (82.7 mg,
0.0861 mmol, 1.5 equiv.) and toluene (3 mL) were placed in a screw-cap
vial equipped with a magnetic stir bar. The reaction mixture was stirred
at 150 °C for 24 h under argon atmosphere. After completion of the
reaction, toluene was removed by distillation under reduced pressure,
water (40 mL) was added to a residue and the aqueous solution was
extracted with chloroform (4 x 25 mL). The combined extract was dried
with anhydrous NaySO4, filtered and chloroform was removed by
distillation under reduced pressure. Purification by column chroma-
tography (eluent - petroleum ether: CHCl3, 2:1) and recrystallization
from 2-propanol gave 120 mg (42%) of tCbz-mPYRs, Tosy, 368 °C
(dec.). "H NMR (400 MHz, CDCls), 8, ppm: 1.52 (36H, s, t-Bu), 1.86 (3H,
s, CHs), 2.65 (3H, s, SCH3), 7.50 (4H, d, J = 8.6 Hz, Cbz), 7.61 (4H, dd, J
= 8.6 Hz, J = 1.8 Hz, Cbz), 8.16 (4H, d, J = 1.8 Hz, Cbz). *C NMR (100
MHz, CDCly), 6, ppm: 14.4, 14.9, 32.0, 34.8,111.0, 115.4, 116.5, 124.0,
124.6, 137.7, 144.5, 160.0, 170.7. HRMS-ESL: m/z calcd. for [M+H]"
(Ca6HssN4S): 695.4142, found: 695.4144.

3. Results and discussion
3.1. Synthesis and thermal characterization

Synthesis of Cbz-PYR with carbazole was accomplished by heating
1a and carbazole in DMF at 100 °C in the presence of Csy;COs3 (see
Scheme 1). However, attempts to obtain tCbz-mPYRs by the reaction of
1b with 3,6-di-tert-butylcarbazole under similar reaction conditions
failed. The reaction proceeded with the formation of a complex insep-
arable mixture of compounds and tars. The reason, most probably, is
rather high reactivity of methylthio group at the 2nd position of
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pyrimidine ring toward various nucleophiles in SyAr reactions [24-26].
Therefore, tCbz-mPYRs was obtained by palladium-catalyzed Buch-
wald-Hartwig cross-coupling reaction of 4,6-dichloro-5-methyl-2-me-
thylthiopyrimidine (1b) with 3,6-di-tert-butylcarbazole in the presence
of Pdodbas and P(t-Bu)3-HBF4 as a catalyst system and NaOt-Bu as a
base. Better yields of tCbz-mPYRs were obtained when a slight excess of
dichloropyrimidine 1b was used in the reaction. 'H and '*C NMR
spectroscopy and HRMS were employed to confirm the structures of
Cbz-PYR and tCbz-mPYRs (see Fig. S1-Fig. S4 in the supplementary
information). tCbz-mPYRs showed good thermal stability with
decomposition and glass transition temperatures of 368 °C and 159 °C,
respectively (see Fig. S5 in the supplementary information).

3.2. DFT calculations

DFT calculations (see Fig. 1 and Table S1 in the supplementary in-
formation) revealed, that the introduction of 5-methyl group at the 5th
position of pyrimidine ring clearly increased the twisting angle between
the D and A units, as it was expected. This, as well as the introduction of
tert-butyl fragments, had strong effect to electron density distribution in
LUMO and only minor effect to distribution in HOMO, decreasing the
electron density overlap in HOMO-LUMO, preferably for lowering the
lowest energy singlet-triplet energy gap (AEst). This was evidenced by
the decreased oscillator strength for tCbz-mPYRs (0.558 vs 0.394) and,
concomitantly, lowered AEgt (540 meV vs 289 meV). This was achieved
by selectively altering only the energy of S; (3.69 eV vs 3.43 eV), keeping
the energy of the lowest triplet states almost unaltered (3.15 eV vs 3.14
eV). Five higher-energy triplet states, situated between T; and S;, were
found for compound Cbz-PYR and three - for tCbz-mPYRs (see Table S2
in the supplementary information). Some of Sy—T, transitions were
assigned to more LE-type transitions (e.g So—T; and So—T> for Cbz-PYR
and tCbz-mPYRs, respectively), while several of transitions were found
with more CT character (e.g. So—Ts for both Cbz-PYR and tCbz-
mPYRs). Such energy level scheme, where CT and LE triplet states are
lying close to each other, is highly preferable for ensuring the non-zero
spin-vibronic coupling and, therefore, efficient rISC [2,16].

3.3. Optical properties

The applied molecular modifications clearly had the strong impact to
optical properties of Cbz-PYR and tCbz-mPYRs (see Fig. 2 and Table S3
in the supplementary information).

Absorption spectra in toluene peaked at 336 nm and 339 nm with
corresponding molar absorption coefficients of about 41,600 and
22,000 M~ cm™ for Cbz-PYR and tCbz-mPYRs, respectively, in line
with DFT calculations, predicting stronger CT character for tCbz-
mPYRs. Fluorescence spectra of toluene solutions peaked at about 379
nm for Cbz-PYR and at about 423 nm for tCbz-mPYRs with

Cbz-PYR tCbz-mPYRs ”
PRy
T -2 0% »;;, e R
LUMO M LuMo s ,@tﬁ", ’
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Fig. 1. HOMO and LUMO energies, So—S;/T; absorption energies with corre-
sponding transition oscillator strengths and S;-T; energy gaps (AEgr), optimized
molecular structure and n-electron density distribution in HOMO and LUMO of
compounds Cbz-PYR and tCbz-mPYRs.
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Fig. 2. Absorption (black lines) and emission (red and blue lines, blue and
green figures) spectra of Cbz-PYR (a) and tCbz-mPYRs (b) in dilute toluene, 1
wt% PMMA and 10 wt% DPEPO films. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

intentionally extended conjugation length. When embedded in solid
polymer films (1 wt% PMMA), emission spectra peaked at 364 nm and
415 nm due to weaker solid-state solvation (SSS) in polymer sur-
rounding [27]. However, fluorescence of tCbz-mPYRs peaked at about
428 nm in 10 wt% DPEPO films, even at higher wavelength than in
toluene, probably due to the more pronounced SSS and different
conformational disorder [28]. Phosphorescence, originating from the
donor fragment (see Fig. S6 in the supplementary information), peaked
at similar wavelength for both compounds (416 nm and 417 nm for
Cbz-PYR and tCbz-mPYRs, respectively), resulting in lower AEgr for
tCbz-mPYRs, especially when embedded in DPEPO host (290 meV).
Such value is comparable to that of other deep-blue TADF compounds
[10,11].

Fluorescence quantum yields (@) of toluene solutions were similar
for both Cbz-PYR and tCbz-mPYRs, 0.1 and 0.07, respectively. Some-
what decrease of ®f for tCbz-mPYRs was related with the changes of
radiative (k) and nonradiative (k,,) fluorescence decay rates (see
Table 1). Though the compound tCbz-mPYRs showed 2.6-time lower k,
due to more pronounced CT character, more restricted molecular
backbone, as well as different energy level scheme, lead to 1.8 times
slower nonradiative decay, resulting in only minor ® decrease. Despite
the partially lowered ky,, no TADF were observed in toluene even for
tCbz-mPYRs, quite typically for deep-blue TADF emitters in solutions
[10,11] (see Fig S7 and Fig S8 a and c in the supplementary informa-
tion). However, TADF emerged in 1 wt% PMMA films of tCbz-mPYRs,
where the nonradiative decay was remarkably lowered, as it was evi-
denced by fluorescence intensity enhancement in oxygen-free sur-
rounding (Fig. S8 d in the supplementary information) and temperature

Table 1
Fluorescence data of Cbz-PYR and tCbz-mPYRs in oxygen-free toluene.
Dpp" Dpp” kpp (x 10° ke (x 108 Kar ( x 108
Sfl)x Sfl)J Sil](
Cbz-PYR 0.1 - 4.57 0.46 4.11
tCbz- 0.07 - 2.50 0.18 2.33

mPYRs

2 Prompt fluorescence quantum yield.
b Delayed fluorescence quantum yield.
¢ Prompt fluorescence decay rate.
Radiative promt fluorescence decay rate (kg *®py).
¢ Non-radiative prompt fluorescence decay rate (kg *(1-®g.)).
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activation of delayed fluorescence (Fig. SO in the supplementary infor-
mation). The increase of ®g up to 0.44 followed the emergence of TADF.
Both prompt and delayed fluorescence decayed with multiexponential
temporal profile due to the conformational disorder (see Fig. S7 in the
supplementary information), therefore decay constants were difficult to
estimate [28]. On the other hand, weak RTP was observed in
oxygen-free conditions for Cbz-PYR at later delays probably due to the
rather efficient ISC (see Fig. S10 in the supplementary information),
though no triplets were able to upconvert back to singlets due to too
large AEgt.

The further boost of TADF yield was achieved by embedding tCbz-
mPYRs in DPEPO (bis[2-(diphenylphosphino)phenyl] ether oxide) host
with enhanced SSS at 10 wt% doping load (see Fig. 3 and Fig. S7 in the
supplementary information). Fluorescence quantum yield increased up
to 0.5, when TADF accounted for 0.42. Although the fluorescence decay
still was multiexponential for both prompt and delayed fluorescence,
TADF decay evidently was more rapid. Moderate conformational dis-
order was observed (see Fig. S11 in the supplementary information),
when the redshift of temporal emission shift was comparable with the
blueshift [29]. Due to the enhanced TADF, approximate fluorescence
time-constants were estimated by multiexponential fitting of both PF
and DF transients (see Fig. 3). Fluorescence decay rate was found rather
high (kpp~ 1 x 108 s’l), as well as radiative fluorescence decay (k; ~ 8
x 10° s71), probably due to only moderate CT character of singlet
emission, evidenced by quite large oscillator strength [17,30]. Inter-
system crossing (ISC) was shown to be the dominant singlet excited state
deactivation pathway (kigc ~ 9 x 107 s 1) with yield of 0.84, in-line with
DFT-predicted suitable energy level scheme [16]. Roughly, about half of
triplet excitons were successfully upconverted back to the singlet states
via rISC with the approximate rISC rate of kysc ~ 3 x 10* s’l, compa-
rable to some of other deep-blue TADF emitters [6]. TADF lifetime was
estimated of about 143 ps, also comparable to other reports for
deep-blue TADF emitters [5].

3.4. Electroluminescence properties

The potential of carbazole-pyrimidine derivative tCbz-mPYRs as
deep-blue TADF emitter was also shown in OLED devices. Before doing
that, HOMO and LUMO energies were estimated to evaluate the ener-
getic compatibility between tCbz-mPYRs and host DPEPO, selected due
to its high triplet energy [30] (see Fig. S12 in the supplementary in-
formation). The energy of emitter HOMO and LUMO were found larger
than of host (—5.08 eV vs. —6.1 eV for HOMO and —1.77 eV vs. —2 eV for
LUMO, respectively) [30]. This mismatch of LUMO energies may lead to
poorer charge balance in OLED device, however DPEPO host still was
one of the best candidates.

The device structure was the following: ITO/TAPC (30 nm)/TcTa (5
nm)/10 wt% tCbz-mPYRs:DPEPO (20 nm)/DPEPO (5 nm)/TmPyPb
(50 nm)/LiF (0.8 nm)/Al (100 nm), see Fig. 4 and Fig. S13 in the sup-
plementary information. The device showed deep-blue electrolumines-
cence (EL) with turn-on voltage of about 4.5 V, peaking at about 441 nm
with CIE colour coordinates of (0.16; 0.12) and large peak EQE of 8.7%.
The estimated EQE of deep-blue OLED was comparable with those of
other efficient deep-blue OLEDs (see Table S4 in the supplementary
information). However, rather strong EQE roll-off was observed, prob-
ably due to rather slow TADF decay [31] and low electroactivity of
DPEPO host, though this problem is rather frequent for deep-blue TADF
OLEDs [12].

4. Conclusions

In summary, an approach for deep-blue TADF in carbazole-
pyrimidine compounds was presented. High-triplet-energy carbazole-
pyrimidine-carbazole compound with near-UV emission was used for
the molecular structure optimization. The enhancement of electron-
donating properties of carbazole, the increase of D and A twisting
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Fig. 3. Fluorescence decay transient of 10 wt% DPEPO film of tCbz-PYRs in
oxygen-free ambient. Photophysical data, estimated according to Ref. [29], are
included. Grey lines are multiexponential fits.
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Fig. 4. External quantum efficiency values of OLED device with tCbz-mPYRs
emitter at different values of luminance. The inset shows electroluminescence
spectrum of the device at luminance of 100 cd/cm?.

angle as well as inclusion of sulphur heteroatom was shown to shift the
emission towards deep-blue together with lowering the singlet-triplet
gap, resulting in rather high emission yield of 0.5 and emergence of
TADF with the average delayed fluorescence lifetime of 143 ps. The
optimized TADF compound showed an efficient deep-blue electrolumi-
nescence with peak EQE of 8.7% and emission CIE colour coordinates of
(0.16; 0.12). Our simple molecular design steps were shown to be the
successful strategy for achieving deep-blue TADF in highly promising
carbazole-pyrimidine compounds. Further optimization of carbazole-
pyrimidine molecular design, as well as OLED design, we believe,
should enhance the TADF efficiency and boost the electroluminescence
properties.
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A high fluorescence quantum yield is essential for achieving a high OLED efficiency. Due to their
typically strong charge-transfer (CT) character, thermally activated delayed fluorescence (TADF)
compounds usually have a lower prompt fluorescence efficiency, and therefore the boosting of the total
emission yield (®p) mostly relies on the enhancement of the delayed fluorescence efficiency. In this
paper, we present a less frequently used approach for achieving a high @ by maximising both prompt
and delayed emission yields of carbazole—pyrimidine compounds. Strong decoupling of HOMO and
LUMO and the subsequent emergence of TADF were achieved by introducing four carbazole units at
both meta positions of the phenyl unit, though @p_ was low due to the prominent nonradiative triplet
decay rate. Crowding the relatively loose carbazole units together at the para position and both meta
positions, conversely, was shown to diminish the nonradiative decay, enhance the radiative decay rate
and subsequently boost the fluorescence yield. Efficient blue electroluminescence with a nearly 20%
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Introduction

Thermally activated delayed fluorescence provides an elegant
way to retrieve “dark” triplet excitons and attain exceptional
external quantum efficiencies (EQEs) of OLED devices reaching
nearly 30-40%."® A breakthrough in TADF materials research
is expected to advance the large-area ultrathin display and
lighting technologies, where OLEDs are nearly unbeatable due
to their exceptional emission properties as well as low production
cost, pronounced flexibility and high power efficiency.” A high
emission yield of TADF compounds is achieved by recovering
triplet states by lowering the singlet-triplet energy splitting (AEsy)
towards the values low enough for thermal upconversion."®? As
AEsr depends on the spatial overlap of HOMO and LUMO,
lowered singlet-triplet energy gaps are achieved by constructing
TADF materials from loosely bound donor and acceptor units
with enhanced HOMO-LUMO decoupling. Unfortunately, the
enlarged spatial separation of electron density in HOMO and
LUMO concomitantly diminishes the radiative fluorescence decay
rate, which may be outcompeted by nonradiative decay, leading to
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yield was demonstrated for the optimized compound.

a low prompt fluorescence quantum yield (®p). In line with that,
the prolonged prompt fluorescence lifetime often leads to a low
&p.'° Recently, it has been shown that a low fluorescence decay
rate is harmful for TADF OLEDs, as the increasing singlet exciton
density in the light-emitting layer boosts the rate of unwanted
singlet-singlet annihilation, increasing the molecular decomposi-
tion rate.!* Therefore, the delicate balance between the minimiza-
tion of the HOMO-LUMO overlap and the preservation of a high
enough fluorescence yield should be maintained. As an alterna-
tive solution, highly efficient TADF can be achieved by minimizing
the rate of competing nonradiative decay. As an example, a
remarkable TADF efficiency has recently been demonstrated for
compounds with large AEgy values and low rISC rates, when the
competing nonradiative decay of triplet states, occurring mostly
through molecular vibration modes, was suppressed.'*"*

The management of singlet radiative and nonradiative
quenching rates could also be used as a pathway for seeking
efficient TADF."*™® Such an approach, relying on the simulta-
neous maximization of prompt and delayed fluorescence effi-
ciency, is presented in this paper. Three carbazole-pyrimidine
compounds were synthesized and comprehensively analysed.
The alteration of the donor-acceptor linking pattern was shown
to lower the singlet-triplet energy gap and subsequently modify
the ratio between the radiative and nonradiative emission
decay rates. An optimized carbazole-pyrimidine structure was
revealed with minimized AEgr and a high yield of prompt and
delayed fluorescence. An OLED device with the optimized
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compound in the light-emitting layer showed blue electrolumi-
nescence with a high emission yield.

Experimental section

Reagents and solvents were purchased directly from commer-
cial suppliers; solvents were purified by known procedures.
Melting points were determined in open capillaries with IA9100
series digital melting point apparatus (Thermo Fisher Scientific)
and were not corrected. Thin layer chromatography was per-
formed using TLC-aluminum sheets with silica gel (Merck 60
F254). Visualization was accomplished using UV light. Column
chromatography was performed using Silica gel 60 (0.040-
0.063 mm) (Merck). NMR spectra were recorded on a Bruker
Ascend 400 (400 MHz and 100 MHz for 'H and °C, respec-
tively). 'H NMR and C NMR spectra were referenced to
residual solvent peaks. Mass spectrometry (HRMS) analyses
were carried out on a quadrupole time-of-flight mass spectro-
meter (micrOTOF-Q II, Bruker Daltonics GmbH, Bremen,
Germany) or on a Dual-ESI Q-TOF 6520 (Agilent Technologies)
mass spectrometer. MALDI mass spectra were acquired on
a Bruker MALDI-TOF Autoflex Speed operating in linear mode,
and trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]
malononitrile was chosen as the matrix. DSC curves were mea-
sured using Mettler Toledo DSC1 apparatus with aluminum
crucibles under N, flow. The sample mass was around 8-10 mg,
and the heating and cooling rates were both 10 K min ™. TADF
compounds were analysed in 1 x 10> M toluene solutions and
1 wt% PMMA and 10 wt% DPEPO films. Solid-state films were
prepared by dissolving each material and host in appropriate
ratios in toluene solutions and then wet-casting the solutions on
quartz substrates. Absorption spectra were measured using a
Lambda 950 UV/Vis spectrophotometer (PerkinElmer). Time-
integrated fluorescence (TIFL) spectra, time-resolved fluores-
cence (TRFL) spectra, low-temperature phosphorescence (PH)
and fluorescence decay transients were measured using an NT
242 nanosecond YAG:Nd*" laser (Ekspla, 7 = 7 ns, pulse energy =
200 pJ, repetition rate = 1 kHz) and a New iStar DH340T time-
gated iCCD camera (Andor). Fluorescence transients were
obtained by exponentially increasing the delay and integration
time."” Fluorescence quantum yield values (®g, £5% error) of
the solutions and polymer films in ambient air were estimated
by the integrated sphere method'® using an integrating sphere
(Sphere Optics) connected to a PMA-12 CCD spectrometer
(Hamamatsu) via an optical fibre. Partially unquenched TADF,
existing in solid films in ambient air, was excluded from the &g
values.'®?® Solid-state samples were mounted in a closed cycle
He cryostat (Cryo Industries 204N) for all measurements (for
oxygen-saturated and oxygen-free conditions). Toluene solu-
tions were degassed by using the freeze-pump-thaw method.
OLED devices were fabricated on precleaned indium-tin oxide
(ITO)-coated glass substrates. The small-molecule and cathode
layers were thermally evaporated using vacuum evaporation
apparatus (Vacuum Systems and Technologies Ltd) at a pres-
sure <6 x 10~° Torr and a deposition rate of about 1 As™". The
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OLED devices were encapsulated with a clear glass cover to
prevent their interaction with the ambient atmosphere. Device
current-voltage (I-V) characteristics and electroluminescence
properties were measured using a calibrated integrating sphere
(Orb Optronics) and a PMA-11 CCD spectrometer (Hama-
matsu), powered by a 2601A power supply unit (Keithley).

Quantum chemical calculations were performed by using
density functional theory (DFT) as implemented in the Gaus-
sian 09 software package at the B3LYP/6-31G(d) level.>* The
polarizable continuum model (PCM) was used to estimate the
solvation behaviour of the surrounding toluene.

Results and discussion
Materials design and synthesis

Three carbazole-pyrimidine compounds, differing by the link-
ing pattern of carbazole units, were synthesized and analysed
(see Scheme 1). The first compound in this series, 1CbzPYR
(4,6-bis[4-(9-carbazolyl)phenyl]pyrimidine), despite the evident
AEgr, was selected due to its large bandgap, suitable for achieving
blue TADF, and proven intersystem crossing activity.'®>*
The compounds 2CbzPYR (4,6-bis[3,5-di(9-carbazolyl)phenyl]
pyrimidine) and 3CbzPYR (4,6-bis[3,4,5-tri(9-carbazolyl)phenyl]
pyrimidine) were selected to have different numbers and link-
ing patterns of electron-donating carbazole units, seeking
TADF turn-on and further maximization of emission yield.
Two carbazole units were incorporated at both meta positions
of the phenyl fragment, as a similar strategy was shown to be
successful for narrowing AEgr.>*** Further modification of the
2CbzPYR structure with additional para carbazole units was
performed (compound 3CbzPYR), as a similar molecular struc-
ture with closely crowded carbazole units was shown to mini-
mize the deformation of molecular structure and, as expected,
lower the rate of nonradiative decay as well as minimize the
unwanted conformational disorder.?>** Efficient TADF was
already achieved in compounds with a similar molecular struc-
ture, but a stronger triazine acceptor unit**~® or other acceptor
units***" were used; however, the authors used them to analyse
other aspects of TADF performance than in our study.
Synthesis of the designed emitters 1CbzPYR, 2CbzPYR and
3CbzPYR was carried out via the Suzuki-Miyaura cross-coupling
reaction of 4,6-dichloropyrimidine (1) with a slight excess of
4-(9-carbazolyl)- (2a), 3,5-di(9-carbazolyl)phenylboronic acids (2b)
or 3,4,5-tri(9-carbazolyl)phenylboronate (2¢) in the presence of
Pd(OAc),/PPh; or Pd(PPh;), as a catalyst, respectively (see Scheme 1).
The synthetic details, characterization data and spectroscopic
analysis data of the synthesized carbazolyl substituted phenyl-
boronic acids 2a,b, phenylboronate 2¢ and target compounds
1CbzPYR, 2CbzPYR and 3CbzPYR are presented in the ESL.{

DFT analysis

Quantum chemical simulations were used to assess the structural
and electronic properties of carbazole-pyrimidine compounds
1CbzPYR-3CbzPYR. Ground-state molecular geometry, Sy — S;/
T, transition energies and m-electron density distribution of the
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Scheme 1 Synthesis of the 1CbzPYR, 2CbzPYR and 3CbzPYR emitters. Reagents and conditions: (i) boronic acid (2.2 equiv.), Pd(OAc), (5 mol%), PPhs
(10 mol%), ag. NaCOs (3.1 equiv.), glyme, 90 °C, 24 h; (ii) boronic ester (2.2 equiv.), Pd(PPhz),4 (10 mol%), ag. K,COs (15 equiv.), glyme, 80 °C, 24 h.

HOMO and LUMO are shown in Fig. 1, and Fig. S8 and S9 in the
ESLT Molecular structure optimization (see Fig. 1a) revealed that
the phenyl-pyrimidine unit is rather flat with a dihedral twist
angle («;) in the range of 14.5-16.5°. The o, twist angle was slightly
lower for compounds with more bulky donor fragments. Electron-
donating carbazole units, on the other hand, were more perpendi-
cular, with twist angle («,) ranging from about 52° for 1CbzPYR to
56.5-67.8° for 3ChzPYR (slightly larger o, values were estimated
for both meta carbazoles). An increase of the o, angle was
observed for compounds with more sterically crowded carbazole
units.>> HOMO energies were found to be rather similar for all
compounds, ranging from —5.49 to —5.52 eV, comparable with
that of sole carbazole,® while the LUMO energies varied from
—1.99 eV for 1CbzPYR to —2.37 eV for 3CbzPYR, in line with the
DFT-predicted decrease of o; angle, altering the conjugation
length of the donor unit™ (see Fig. 1b). The n-electron density
distribution was similar for all compounds in the LUMO
(although a portion of m-conjugation extends over the nitrogen
atom in the para-carbazole unit), while the m-electrons in the
HOMO tended to localize over the carbazole fragments rather
than over the spacing phenyl unit, resulting in a lower HOMO-
LUMO overlap for compounds with a more localized HOMO. This
was evidenced by the decreasing oscillator strength of the S; — S;
transition (f) for compounds with more carbazole units, typically

for compounds with stronger CT character,”™*® though f was

This journal is © The Royal Society of Chemistry 2020

slightly larger for 3CbzPYR with an additional para-carbazole unit
due to the somewhat enlarged HOMO-LUMO coupling.

The different architectures of the carbazole-pyrimidine
compounds had a direct effect on the S, — S,/T; transition
energies (see Fig. 1b). Compound 1CbzPYR showed the largest
So — S, transition energy of 3.04 eV. Increasing the number of
electron-donating carbazole units lowered the transition energy
to 2.82 eV for compound 2CbzPYR and later to 2.7 eV for
compound 3CbzPYR. Since the energy of the first triplet state
was almost the same for compounds 1CbzPYR and 2CbzPYR
(2.75 and 2.72 eV, respectively) and only slightly lower for
compound 3CbzPYR, the calculated AEgy gaps gradually
decreased from 290 meV for 1CbzPYR to 100 and 140 meV for
compounds 2CbzPYR and 3CbzPYR, respectively. Several
higher-energy triplet states were found to have a lower energy
compared to S;, the number of which was larger for compounds
with more carbazole units**?” (see Fig. S8 in the ESIt). One
higher-energy triplet state at 2.79 eV was found for 1CbzPYR,
three states were found for 2CbzPYR and four states were found
for 3CbzPYR. In contrast to the S, — S; transition, which was of
almost pure CT character, a few S, — T, transitions had some
localized excited state (LE) character (e.g. So — T,/T, transitions
for compound 3CbzPYR), while other transitions were nearly
pure CT transitions (e.g. So — Ts/T, transitions for compound
3CbzPYR; see Fig. S9 in the ESIt). Such an energy-level scheme
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Fig.1 (a) Optimized geometries of carbazole—pyrimidine TADF com-
pounds. The «; angle is the twisting angle between pyrimidine and phenyl
units, while a5 is the twisting angle between the phenyl and carbazole
units. (b) Energies of HOMO and LUMO as well as energies of Sg — Si/T;
transitions. The calculated oscillator strengths of the So — S; transition and
energy gaps between the lowest singlet and triplet states are also denoted.

with a high density of closely lying vibronically-coupled excited
states with different LE/CT character was shown to be manda-
tory for a large rISC rate and efficient TADF.”?%*°

Absorption and emission properties

The absorption and emission spectra of the variously substi-
tuted carbazole-pyrimidine compounds in solution and solid
state are shown in Fig. 2 and the details are presented in
Table 1. The selective control of absorption and emission peak
energies in all surroundings was achieved by increasing the
number of carbazole units. A direct charge transfer absorption
band was observed at about 355-375 nm, whereby the absorp-
tion peaked at larger wavelengths for the more conjugated
compounds, in line with DFT predictions (see Fig. S10 in the
ESI for the detailed analysis). Molar absorption coefficient (&)
values were in line with the DFT-estimated oscillator strength
(f). The lowest ¢ was observed for the meta-substituted com-
pound 2CbzPYR (¢ < 5000 M~' cm™") with the strongest
HOMO-LUMO decoupling and, therefore, the lowest f(0.017).
In contrast, the largest ¢ of about 30000 M~ ' cm ' was
measured for 1CbzPYR with weak CT character and a high f
of 0.58. 3CbzPYR, bearing three carbazole units, showed only a
slightly lower & than that of 1CbzPYR (about 23000 M~ ecm ™"

due to the somewhat enhanced HOMO-LUMO coupling
through para-carbazole (see Fig. 1b), in line with the rather
high f of 0.092. The molar absorption coefficients of 1CbzPYR
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Fig. 2 Absorption, fluorescence and phosphorescence spectra of carba-
zole—pyrimidine compounds: 1CbzPYR (a), 2CbzPYR (b) and 3CbzPYR (c).
Absorption spectra were obtained in toluene (solid thin lines) and fluores-
cence spectra were obtained in toluene (thin solid lines), 1 wt% PMMA films
(dashed lines) and 10 wt% DPEPO films (orange line for 3CbzPYR).
Phosphorescence spectra (open dots) were obtained in 1 wt% PMMA films
at 10 K with a 100 ps delay.

Table 1 Absorption and emission data of carbazole—pyrimidine com-
pounds. Fluorescence onsets, used for AEst calculations, are shown in
Table S1 in the ESI

Toluene 1 wt% PMMA films
Japs” & (Lmol™t Jp  AEsq? I’ e’ AEs?
(nm) em™) (nm) (meV) (nm) (nm) (meV)
1CbzPYR 355 30000 408 440 408 440 480
2CbzPYR — Below 5000 442 180 440 427 270
3CbzPYR 378 22750 464 190 446 445 320
“ Peak wavelength of the high-energy absorption band. “—" indicates

that no peak could be estimated. > Extinction coefficient of the high-
energy absorption band. ¢ Peak wavelength of the fluorescence spectra.
9 Energy gap between the onset of fluorescence and 1 wt% PMMA
phosphorescence spectra at 10 K. ¢ Onset wavelength of the phosphor-
escence spectra of 1 wt% PMMA films at 10 K.

and 3CbzPYR were rather high, which was likely due to the
enhanced mixing of m-n* and n-rn* states in the partially
twisted carbazole units.*"**> Similar large ¢ values were also
observed for the analogous carbazole-triazine compounds.>®*”
The same trend was also observed for the fluorescence spectra.
The introduction of more carbazole donor units allowed us to
tune the fluorescence wavelength for 370 meV, from 408 nm for
1CbzPYR to 464 nm for 3CbzPYR. Similarly, the fluorescence
peaked at 408-446 nm for compounds embedded in 1 wt%
PMMA films. A slight blueshift of fluorescence wavelength for
compound 3CbzPYR was probably caused by the lower solid-
state solvation (SSS) in the PMMA surrounding®® and the minor
conformational disorder of the rigid 3CbzPYR structure, in
contrast to the less sterically constrained 1CbzPYR and
2CbzPYR, where the lowered SSS was outcompensated by the
more pronounced conformational disorder'®*° (the peculiari-
ties of the conformational disorder will be analysed later in the
text). In contrast, a 220 meV redshift of fluorescence peak was
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observed in the 10 wt% DPEPO solid host with more pronounced
solid-state solvation.'” The low-temperature phosphorescence
spectra of 1 wt% PMMA films of carbazole-pyrimidine com-
pounds peaked at 427-445 nm with similar *LE peak wavelengths
for compounds 1CbzPYR and 3CbzPYR, while the lowest-energy
vibronic peak for 2CbzPYR was observed at a slightly higher
energy and with a different vibronic pattern. Singlet-triplet energy
gaps gradually decreased in both toluene and 1 wt% PMMA films
for the compounds with more carbazole units (although AEg; was
slightly larger for 3CbzPYR due to the somewhat boosted HOMO-
LUMO coupling through the para-carbazole), though a larger AEsy
was observed in the polymer surrounding due to the lower SSS
and conformational disorder.?® AEgy was further lowered down to
110 meV for compound 3CbzPYR when embedded in the more
polar 10 wt% DPEPO host.

Temporal fluorescence properties

Further investigation of differently substituted carbazole-pyr-
imidine compounds was carried out by analysing the time-
resolved fluorescence properties. The fluorescence decay tran-
sients of carbazole-pyrimidine compounds in solution and
solid surroundings are shown in Fig. 3. Typically, prompt
fluorescence was observed for the initial 100-200 ns, later
followed by long-lived delayed fluorescence, though it was
absent for 1CbzPYR with the largest AEgr.

The prompt fluorescence decay rate (kq) in toluene solutions
systematically decreased for compounds with more carbazole
units (see Table 2). A rather large k was obtained for 1CbzPYR
(26 x 107 s7"), which is typical for compounds with pronounced
LE fluorescence.** Lower kg values were estimated for com-
pounds 2CbzPYR and 3CbzPYR with more pronounced CT
character. To reveal the processes behind the variation of kg,
the rates of radiative and nonradiative decay processes were
assessed. Before doing that, prompt fluorescence quantum
yield values were determined (®pg). Ppr followed a different
trend compared to kgm: it was the largest for compounds
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Fig. 3 Normalized fluorescence decay transients of carbazole—pyrimi-

dine TADF compounds in toluene (a) and 1 wt% PMMA films (b) under

oxygen-free conditions. The fluorescence decay transient of the 10 wt%

DPEPO film of compound 3CbzPYR is also shown in (b) (thick dark green

line). Thin color lines are exponential fits.
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1CbzPYR (0.8) and 3CbzPYR (0.43), while it was remarkably
lower (0.057) for compound 2CbzPYR. As ®pr. for 1CbzPYR with
pronounced LE emission is quite typical, a rather high emis-
sion yield was also determined for 3CbzPYR with stronger CT
character. Unsurprisingly, the trend of the radiative decay rate
(k;) was in line with those of oscillator strength and molar
absorption coefficient: the lowest k. was estimated for
2CbzPYR, while for 3CbzPYR, &, was 4.1 times larger, and for
1CbzPYR, it was even 32 times larger. Surprisingly, the non-
radiative decay rate (k,,), on the other hand, also followed the
same trend. Rather similar k,, values were estimated for both
1CbzPYR and 3CbzPYR, while for 2CbzPYR, the k,, rate was
2.2-2.9 times larger. The combination of a low &, (0.7 x 107 s™*)
and a pronounced non-radiative decay rate (11 x 107 s '
resulted in a low ®@pp of 0.057 for 2CbzPYR. In contrast, a rapid
k: (2.9 x 107 s7"), one of the largest for TADF compounds,*® and
an only moderate k,, (3.8 x 10”7 s~") ensured an exceptional
prompt fluorescence yield of 0.43 for 3CbzPYR. Almost no
changes of ®pp and k,, were observed after embedding the
compounds in partially rigid PMMA films. As the k,, values
were almost the same in both surroundings, the nonradiative
decay rate of the singlet states, mostly occurring through
vibrations of the molecular core, could be neglected and the
dominating nonradiative decay pathway could be assigned to
intersystem crossing (ISC) to triplet states.'*'*2>4¢

The delayed fluorescence, observed only for compounds
2CbzPYR and 3CbzPYR, was found to be TADF. The total
fluorescence intensities of both compounds were enhanced
after oxygen removal in both dilute solutions and solid films
(see Fig. S11 in the ESIf), when oxygen mostly quenched the
delayed fluorescence, though some minor quenching of prompt
fluorescence was also observed in toluene solutions'®"” (see
Fig. S12 and S13 in the ESIT). Similarly, the lowered temperature
also eliminated the delayed fluorescence, which is typical for
TADF (see Fig. S14 in the ESIf). No delayed fluorescence was
observed for 1CbzPYR in both oxygen-free surroundings due to
the rather high AEsr,*® though weak room-temperature phosphor-
escence at 450-550 nm was observed in PMMA films (see Fig. 515
in the ESIt), related to the negligible quenching of triplet states."®
The TADF parameters are presented in Table 2. Similar trends
were observed for both prompt and delayed fluorescence, as
compound 3CbzPYR with a larger prompt fluorescence yield also
showed a more efficient delayed fluorescence. In the case of
prompt fluorescence, a high radiative decay rate ensured a pro-
nounced ®pp for 3CbzPYR, while the combination of a slower
radiative decay and boosted nonradiative quenching yielded a low
Dy for 2CbzPYR. Similarly, 2CbzPYR with a more flexible mole-
cular structure also yielded a low ®pp due to the enhanced
nonradiative triplet quenching rate (k),"”> which was 3.8 times
larger for 2CbzPYR (2.2 x 10° s~ ' and 0.6 x 10° s~ * for compounds
2CbzPYR and 3CbzPYR, respectively). As both compounds showed
a similar r1SC rate (kusc) of 1.2 x 10" s™" and 1.9 x 10" s, the
triplet quenching rate was around 18 times larger than k¢ for
2CbzPYR. This was the reason for the negligible ¢y and enhanced
TADF decay rate for 2CbzPYR in toluene. Despite the high ISC yield
(Pisc = 0.94), only 5 triplet states out of 100 were upconverted for
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Table 2 Prompt and delayed fluorescence decay constants of carbazole—pyrimidine compounds under —O, conditions. The parameters of exponential
fits, shown in Fig. 3, are presented in Table S2 in the ESI. TADF parameters were assessed according to Kreiza et al.;>° see Table S3 in the ESI

Toluene 1 wt% PMMA

PF TADF PF TADF

kalki k" (X 107 71) kTAI’)F/kISC/krISC/knr b (>< 107 71) Ppp/ Piyp/ Prsc/ Prisc” kalke k" (>< 107 71) Ppp/ P’
1CbzPYR 26.0/21.0/5.1 —/5.1/—/— 0.8/—/0.2/— 24.0/16.0/8.3 0.66/—
2CbzPYR 11.0/0.7/11.0 2.2911.0/1.2/2.2¢ 0.057/0.003/0.94/0.05 14.0/0.8/13.0 0.06/0.16
3CbzPYR 7/2.9/3.8 0.79/3.8/1.90.67 0.43/0.07/0.57/0.25 7.9/3.8/4.1 0.48/0.33

“ Fluorescence, radiative and nonradiative fluorescence decay rates, respectively. > TADF, ISC, rISC and nonradiative triplet quenching rates,

respectively. ¢ Prompt fluorescence quantum, delayed fluorescence quantum, ISC and rISC yields, respectively.

compound 2CbzPYR (@P,sc = 0.05). As the ISC rate was evidently
larger than that of radiative decay (kisc = 11 x 107 s ' vs. k= 0.7 x
107 s7%), the majority of the singlet states were repeatedly con-
verted back to triplet states and vice versa, subsequently leading to
a poor ®py value of only 0.003 and @p;, of 0.06. A different result
was observed for 3CbzPYR having closely arranged carbazole
units. In this case, the nonradiative triplet decay rate was remark-
ably lower (0.6 x 10° s~ "), only about 3 times larger than kg, in
line with the enhanced rigidity of the molecular structure. Due to
the evidently enhanced kasc/kne ratio, more triplet states were
upconverted (Pysc = 0.25), where around half of the singlet states
decayed radiatively. The combination of weakened triplet quench-
ing and a rapid k, allowed enlargement of the delayed fluores-
cence yield up to 0.07 and @y, up to 0.5 for compound 3CbzPYR.

The increase of @pr was achieved by embedding compounds
2CbzPYR and 3CbzPYR in the PMMA surrounding. In contrast
to prompt fluorescence, the restricted molecular deformation
in the polymer surrounding weakened the nonradiative triplet
quenching and increased the TADF yield up to 0.16 and 0.33
and the @p;, up to 0.22 and 0.81 for 2CbzPYR and 3CbzPYR,
respectively. Despite the decreased ka, and remarkably boosted

11 T T T
10 380 meV

— T "

. Delay tir

S 10" a) 70 meV. - 310 meV L‘zys-::el,l aﬁ/?:‘:/l{/lRA

5 10° o m—— \WB.OZns

5 10° B A e

g 107 W%W

f=4

[}

c

= i s ‘ :

I:w” —+ t — i ”il

S 10" pb)  somsvese GRS °:';*;':°11 f;ﬁ,bémb
3 i i S s o

5 i . 008

5 :87 // ‘Wn¢ 1

o ! i

> 10° ,f !

2 10 M

2 10 h) T W« e

S 10t b wh' hihﬂ'hi’ ‘

£ 10 !‘*WM bq

E 102 i ':\r.&

T T
400 450 500 550 600 650
Wavelength (nm)

Fig. 4 Time-resolved fluorescence spectra of 1 wt% PMMA films of com-
pounds 2CbzPYR (a) and 3CbzPYR (c) under ~O, conditions. Red lines show
the size of the redshift of the fluorescence peak, while blue lines represent the
size of the blueshift. The initial and latest delay times are also shown.
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Dy, the performance of 2CbzPYR was still low due to the poor
prompt fluorescence yield. On the other hand, the enlarged
radiative decay rate together with the minimized nonradiative
decay rate ensured the excellent performance of 3CbzPYR. The
TADF decay rates of compounds embedded in polymer films,
however, were difficult to estimate due to the highly nonexpo-
nential fluorescence decay profiles, mediated by the solid-state
conformational disorder,"*?%*>" though krapr was clearly
lower. A typical improvement of the TADF decay rate was
observed for 3CbzPYR embedded in the more polar 10 wt%
DPEPO films," though the decay was still multiexponential. To
evaluate the conformational disorder (CD) in carbazole-pyri-
midine TADF compounds, the time-resolved fluorescence spec-
tra of 1 wt% PMMA (see Fig. 4) and 10 wt% DPEPO (see Fig. 516 in
the ESIt) films were obtained. Larger CD was observed for
compounds with larger temporal shifts of emission peaks,”
usually estimated as the redshift of the prompt fluorescence, as
the latest delayed fluorescence mostly was quenched in TADF
compounds with a prolonged lifetime.”>' As expected, a larger
temporal shift of 380 meV was observed for 2CbzPYR, while for
3CbzPYR, the redshift was only 240 meV. A further decrease in
conformational disorder, evidenced by the lowered redshift of
about 200 meV, was observed for 3CbzPYR in the DPEPO
surrounding due to enhanced solid-state solvation," leading to
an enhanced krapr. Interestingly, larger conformational disorder
was observed for compound 2CbzPYR with more rapid nonradia-
tive decay of triplet states. As both processes, in general, share a
similar nature, related with the deformation of the molecular
structure, reasonably enlarged stiffness of the molecular structure
may help weaken both the unwanted processes, conformational
disorder and nonradiative emission decay, and enhance the TADF
yield,”"**>"3 as evidenced in compound 3CbzPYR.

Electroluminescence properties

Lastly, the highly-emissive carbazole-pyrimidine compound
3CbzPYR was utilized as a blue emitter in an OLED device.
Before that, the thermal properties were evaluated. Exception-
ally high glass transition (T, = 279 °C) and melting (T, = 516 °C)
temperatures were determined for 3CbzPYR (see Fig. S17 in the
ESI{). Such high thermal stability is preferable to ensure high
device operation stability.”®*” The OLED device was designed
with the following structure: indium tin oxide (ITO)/1,1-bis
[(di-4-tolylamino)phenyl]-cyclohexane (TAPC) (30 nm)/4,4’,4"-
tri(N-carbazolyl)triphenylamine (TCTA) (5 nm)/10 wt% TADF

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Current density—voltage (black figures) and luminance-voltage
(red figures) curves of the OLED device. (b) EQE dependence on luminance.
The inset shows the electroluminescence spectrum at 10 V (850 cd m™2).

emitter: DPEPO (bis(2-(diphenylphosphino)phenyl)ether oxide)
(15 nm)/1,3,5-tri(m-pyridin-3-yl-phenyl)benzene (TmPyPB) (65 nm)/
lithium fluoride (LiF) (0.8 nm)/Al (100 nm). ITO and Al acted as the
anode and cathode, whereas TCTA and TAPC acted as the hole
injection and transport layers, and LiF and TmPyPB acted as the
electron injection and transport layers, respectively. DPEPO was
selected as the host material due to its high triplet energy (Er; of
about 3.0 eV) and pronounced solid-state solvation, leading to a
lowered solid-state TADF lifetime (see Fig. 3b). OLED characteriza-
tion data are shown in Fig. 5. The OLED device showed blue
electroluminescence, occurring at a turn-on voltage of about 4.5 V
and peaking at 473 nm, corresponding to the CIE colour coordi-
nates of (0.16, 0.23). An exceptional peak EQE of 19.7% was
achieved, in line with a large fluorescence quantum yield and a
20-30% outcoupling efficiency, excluding weakly probable sponta-
neous molecular orientation.**** Some EQE roll-off was observed at
larger luminance due to the average solid-state TADF lifetime of
3ChzPYR and the weak electroactivity of the DPEPO host,*® though
this issue could be solved by further optimization of the OLED
architecture.

Overall, the high electroluminescence efficiency nicely evi-
denced compound 3CbzPYR as an efficient blue TADF emitter,
utilizing nearly equally efficient prompt and delayed emission.

Conclusions

In summary, we presented an approach to achieve efficient TADF
by combining high prompt and delayed fluorescence yields
through the selective optimization of emission decay constants.
This approach was evidenced on a series of differently substituted

This journal is © The Royal Society of Chemistry 2020
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carbazole-pyrimidine compounds. Singlet energies systematically
decreased as more carbazoles were introduced, keeping triplet
energies just weakly altered. The initial compound with one para-
carbazole, despite the too large singlet-triplet gap, showed effi-
cient prompt fluorescence as well as evident room-temperature
phosphorescence activity. The singlet-triplet energy gap was
sufficiently low for TADF in the compound with two meta carba-
zoles as well as its derivative with an additional para substituted
donor unit. Prompt and delayed fluorescence properties, on the
other hand, were drastically different for both compounds. Strong
HOMO-LUMO decoupling in the meta-substituted compound
2CbzPYR drastically lowered the radiative decay rate, resulting
in a low prompt fluorescence yield, as the radiative decay was
outcompeted by the rapid intersystem crossing. Even with a
pronounced ISC rate, 2CbzPYR showed a low TADF yield as the
majority of triplets were quenched by the rapid nonradiative
decay, promoted by the rather flexible molecular structure. All
the drawbacks of compound 2CbzPYR were eliminated simply by
introducing an additional para-carbazole unit. The enlarged
radiative decay rate of about 3 x 10’ s * as well as the minimized
nonradiative decay rate boosted the prompt fluorescence yield up
to 0.43 for 3CbzPYR. On the other hand, the lowered rate of triplet
quenching, achieved by enlarging the stiffness of the molecular
structure by crowding the carbazole units, concomitantly boosted
the TADF yield up to 0.33 and ®p;, up to 0.81 in the solid state. The
compound 3CbzPYR with the optimized donor-acceptor architec-
ture was used as a blue emitter in an OLED device. Highly efficient
electroluminescence with a peak EQE of 19.7% and colour
coordinates of (0.16, 0.23) was achieved.

Our findings, highlighting the parrallel way to achieve a
high TADF yield, we believe, will be important for further
advancing the design of TADF compounds with diverse mole-
cular structures.
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