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Highlights

e Flexible versus rigid molecular structures of D-A-D type derivatives were synthesized.

e All compounds formed glasses with glass transition temperatures ranging from 92 to 131 °C.
e Their small AEst gaps ranged from 0.01 to 0.03 eV.

e The best hole and electron charge-transporting properties were observed for derivative 1.

e OLED with para-donor-substituted diphenylsulfone as TADF emitter showed EQE of

24.1%.
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Abstract



Flexible versus rigid molecular structures of donor-acceptor-donor type compounds are
investigated with respect to efficiency of thermally activated delayed fluorescence (TADF) by
theoretical and experimental approaches. Three highly efficient TADF emitters based on flexible
diphenylsulfone and rigid dibenzothiophene dioxide as acceptor units and di-tert-
butyldimethyldihydroacridine as donor moiety were designed and synthesized. Despite they
showed similar singlet-triplet splitting (0.01-0.02 eV) and high photoluminescence quantum
yields in appropriate hosts, maximum external quantum efficiencies as different as 24.1 and
15.9/19.4% were obtained for organic light emitting devices based on these emitters with,
respectively, flexible and rigid molecular structures. The high efficiency of the light-emitting
compounds with the flexible molecular structure could be traced to the bi-configurational nature
of the lowest singlet and triplet states resulting in higher spin-orbit coupling than for molecules
with rigid structures. All derivatives showed bipolar charge transport character. High device
efficiency with electron mobility of 3x10”° cm?*V-'s™! and hole mobility of 1.3x10* cm?*V-!s! at
the electric field of 5x10° Vem! was recorded for the layer of para-disubstituted
diphenylsulfone with flexible molecular structure. This TADF emitter showed an excellent
performance in the organic light emitting device, exhibiting a maximum current efficiency,
power efficiency, and external quantum efficiency of 61.1 cdA™, 64.0 ImW, and 24.1%,
respectively.

Keywords: Thermally activated delayed fluorescence, bipolar charge transport,

dibenzothiophene dioxide, diphen-ylsulfone, di-tert-butyldimethyldihydroacridine.

1. Introduction



Organic light-emitting diodes (OLEDs) attract nowadays a great deal of attention for display
and lighting applications [1-5]. The expanding OLED industry is on constant pursuit of new
materials to level up the device performance, especially for blue emitter-based devices.
Phosphorescence and thermally activated delayed fluorescence (TADF) are two well-known
emission mechanisms which make it possible to achieve theoretical 100% internal quantum
efficiency of OLEDs are [6-9]. Particularly, the latter mechanism has been much at focus as it
does not require noble metal atoms in the molecular design [10]. In TADF based OLEDs under
electrical pump, the statistical 75% triplet excitons up-convert to the singlet fluorescent level
through reverse intersystem crossing (rISC). The rISC efficiency depends on several factors,
most crucially on the energy difference (AEst) between the lowest singlet excited state (S1) and
triplet excited state (T1), which also affects the overall device performance [11]. AEst can be
flexibly adjusted by molecular design combining different donor and acceptor moieties [12,13].
Specially designed linear donor-acceptor-donor (D-A-D) compounds are thus widely used as
highly efficient TADF emitters in OLEDs with state-of-art maximum external quantum
efficiency [14-16]. Such TADF emitters have been synthesized using various donating moieties
among of which the acridan unit is one showing excellent performance [17,18]. It has been
shown that modification of hosts by fert-butyl units can lead to the blocking of energy-loss
pathways of TADF emitters distributed in the host leading to enhancement of OLED efficiency
[19]. “Full-exciton radiation” was achieved in TADF OLEDs using diphenylphosphine oxide as
the secondary acceptor linked to fert-butylcarbazoles [20]. Direct attachment of zerz-butyl groups
to donating carbazole of D-A-D TADF emitters made it possible to increase device performance

[21]. While tert-butylcarbazole moieties are widely utilized in TADF emitters [22], we have not



come across any examples of usage of the tert-butyl substituted acridan moiety donor unit in the
design of TADF molecules. The selection of appropriate acceptor is evidently also a crucial point
in the search for highly efficient TADF emitters. However, there is no established strategy so far
for this selection.

Aiming to investigate the effect of rigidity of the acceptor on performance of TADF emitters in
OLED:s, flexible diphenyl sulfone and rigid dibenzothiophene dioxide were selected as acceptor
moieties in this work for the design of new TADF emitters containing fert-butylacridanyl group
as upgraded donor unit. We here find that both the rigidity of the accepting units and tert-butyl
modification of the donating units are significantly reflected on the efficiencies of the developed
OLEDs. Electroluminescent devices with state-of-art maximum power efficiency of 64 Im-W-!

and maximum external quantum efficiency of 24.1% without outcoupling are demonstrated.

2. Results and discussion

2.1 Synthesis and characterization

Scheme 1 shows the synthetic pathway to compounds 1-3. The intermediate compounds di(3-
bromophenyl)sulfone (II), 2,8-dibromodibenzo[b,d]thiophene 5,5-dioxide (III) and 2,7-di-tert-
butyl-9,9-dimethyl-9,10-dihydroacridine were synthesized as described elsewhere [23-25]. The
target compound 1 was synthesized via a palladium-free nucleophilic cross-coupling reaction of
bis(4-fluorophenyl)sulfone and 2,7-di-fert-butyl-9,9-dimethyl-9,10-dihydroacridine, whereas
compounds 2 and 3 were prepared by palladium-catalyzed Buchwald-Hartwig cross-coupling

reactions of 2,7-di-fert-butyl-9,9-dimethyl-9,10-dihydroacridine and di(3-bromophenyl)sulfone



or 2,8-dibromodibenzo[b,d]thiophene 5,5-dioxide, respectively. Derivatives 1-3 were purified by
column chromatography and crystallization, and fully characterized using 'H NMR, '3C NMR
spectroscopies, elemental analysis and mass spectrometry. The derivatives were soluble in
dichlorobenzene, tetrahydrofuran (THF), chloroform, dioxane, ethylacetate and other organic
solvents. The detailed information about the synthetic procedures are provided in Supporting

Information.
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Scheme 1. Synthesis of 1-3.

2.2. Geometry in the ground and excited electronic states

All the studied molecules 1-3 possess the similar conformational structure in the ground

electronic state: both dihydroacridine donor (D) fragments are almost orthogonal with the central



acceptor (A) group (diphenylsulfone for the compounds 1, 2 and dibenzothiophene dioxide for
the compound 3 (Figure 1). Dihydroacridine moiety is only slightly twisted along the N-CH2
line because of the sps-hybrid carbon atom in the -CHz- link and this effect does not depend on
the excitation into the S; or Ty state. The D-A torsion angle is also only slightly dependent on the
electronic excitation and is still equivalent for both donors (0 and 6> in Figure 1) of compounds
2 and 3, while for compound 1 the 0; angle becomes 26° smaller in the T state comparing with
that in the ground singlet state and with the 0> angle in the same T state. In the S; state of
compound 1 both 0; and 0, angles are still almost equivalent and only slightly larger comparing
with the Sy state. Such behavior of 0 and 0, angles in the T state can be explained by the high
flexibility of the compound 1 due to the absence of sterical hindrance for the mutual rotation of
the D-fragments. This derives from the favorable position of dihydroacridine donor in the para-
positions of the diphenylsulfone acceptor for compound 1 in contrast to the meta-substituted
compound 2 and rigid-skeleton compound 3. Actually, compound 1 can be considered as the
most flexible system with respect to the mutual rotation between the donor and acceptor

moieties, while other the two species are more rigid molecules in this respect.
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Figure 1. The mutual orientation of donor and acceptor groups for the compounds 1 (left), 2
(middle) and 3 (right) in different electronic states. The tert-butyl and methyl groups are omitted

for clarify.



2.3. Thermal properties

The temperatures of thermal transitions for derivatives 1-3 were measured by
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) under nitrogen
atmosphere. The information are shown in Table 1. The TGA curves are shown in Supporting
Information, see Figure S4). The temperatures of the onsets of thermal degradation of the
derivatives were found to be relatively high and ranged from 367 to 416 °C. It indicates that 1-3
can to be used for device fabrication by vacuum thermal evaporation technology, which can

refine the film morphology, and prolong the life time of the devices.

Table 1. Thermal characteristics of derivatives 1-3.

T,, [°C]™! (2™ heating T

Derivative Tum, [°C]%! scan) , [°C]te! T, [°C]!
1 § 92 i 416
2 287 126 181 401
3 318 131 182 367

[a] T, - melting temperature in the second heating (10 °C/min, nitrogen atmosphere). [°! the
second heating scan. [*! T, - glass-transition temperature. (! T, - crystallization temperature. [

Ta*™ is the temperature of onset of thermal degradation (20 °C/min, nitrogen atmosphere).

Derivatives 1-3 were excluded after the synthesis as crystalline materials, but they could be
reorganized in to molecular glasses by cooling their melts. For example, DSC thermograms of

derivative 3 are displayed in Figure 2.
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Figure 2. DSC thermograms of compound 3.

When the probe of 3 was heated during DSC experiment the endothermal melting signal was
noticed at 318 °C. The following heating scan revealed signals of glass transition (Tg) at 162 °C,
crystallization at 131 °C and melting again at 318 °C. A similar behaviour was observed for
compound 2. In the first heating scan the sample 2 showed an endothermic melting signal at 287
°C. In the second heating scan derivative 2 showed Ty at 126 °C, crystallization at 181 °C and
crystallization at 287 °C (see Figure S5). DSC measurements confirmed that the synthesized
compound 1 was amorphous material. When sample of 1 was heated, no peaks due to
crystallisation and melting appeared. It showed a Ty of 92 °C (see Figure S5). The meta-
substituted diphenylsulfone 2 exhibited higher Ty by 39 °C compared to para-substituted
diphenylsulfone 1. The highest T, was observed for derivative 3 containing the rigid

dibenzothiophene dioxide acceptor unit.

24. Electrochemical and photoelectrical properties



Cyclic voltammetry was employed to investigate electrochemical properties of compounds 1-
3. They showed single oxidation peaks, which can be assigned to the formation of radical cations
of the electron-donating tert-butylacridanyl moiety (Figure 3a). The compounds showed a close
spread of oxidation potentials (0.42-0.45 V). Ionization potential (IPcv) values were calculated

by the formula [Py = |—(1.4 X 1e"E%%,,, vs Fc/V) — 4.6| eV [26]. The data are summarized
: b :

nset

in Table 2. IPcv values were found to be comarable (5.19 - 5.23 eV). Electron affinities (EAcv)
estimated using the optical band gaps (Eg) and IPcv values were found to range from 3.46 to 3.73
eV. Taking into account that energies of molecular levels are different in solutions and in solid
state [27], the ionization potentials (IPgp) of the solid layers of 1-3 were additionally estimated
by photoelectron emission spectrometry (Figure 3b). Comparable IPgp values of ca. 5.38 eV were
obtained for all the derivatives. This observation is thus in good agreement with the cyclic
voltammetry data (Table 2). Electron affinities (E4"%) of 2.25, 2.19, and 2.66 eV for the studied

materials 1-3 in solid-state were calculated using the formula E % = Ip7E

-E,, where E, is taken
for solid samples (Figure 4a). The IPgp and E4Z values of solids 1-3 are appropriate for hole and

electron injections, respectively. The different substitutions patterns and the different acceptor

moieties of compounds 1-3 practically did not affect their energy levels.

Table 2. Oxidation potential, ionization potentials, electron affinities, and calculated

HOMO/LUMO energies of 1-3.

Derivative E%onset s IPCV[a], HOMO[C] EACV[b], I PE’ EAPE,
Fc, [V] [eV] LUMO!! [eV] [eV]d] [eV]e]
1 0.42 5.19/-5.21 3.46/-1.75 5.38 2.22



2 0.44 5.22/-5.08 3.73/-1.63 5.38 2.21
3 0.45 5.23/-5.25 3.69/-2.15 5.38 2.84

Py = |=(LA X 1e B vs Fe/V) = 46| eV, EAcy = —(1Pey| — EJP*)  EJ¥*
; ( is

[a
onset oxidation potential vs the Fc/Fc'; B = 1240/Acdge, Acdge is the onset wavelength of
absorption spectrum of the dilute THF solution. [/ HOMO and LUMO energies calculated by the
B3LYP/6-31G(d) method; ¥ I/ is the ionization potential of thin solid layers estimated by

photoelectron emission spectrometry. ¢! E47 is electron affinity of thin solid layers estimated by

the formula E."*= Ip"*~E,. The optical band-gaps (E,) were taken from absorption spectra of the

layers (Figure 4a).
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Figure 3. CV curves of dilute solutions of derivatives 1-3 in dichloromethane (100 mV/s) (a);
photoelectron emission spectra (b) and electric field dependencies of hole (filled symbols) and

electron (empty symbols) drift mobilities (c) for the vacuum-deposited layers of derivatives 1-3.

The anticipated abilities to transport both holes and electrons were proved for the solid layers
of donor-acceptor-donor compounds 1-3 by TOF measurements. Despite highly dispersive
charge transport, the transit times (#,) for both holes and electrons could be obtained by plotting
the current transients in the log-log scales (see Figure S5). Thus, #» was estimated from the
intersection points (shown by arrows in Figure S6) at which the asymptotes to the log-log plot
crossed. Charge mobility-electric field dependences of the layers of 1-3 well fitted to the Poole—

is zero-field electron mobilities, a is the field

. . 12
Frenkel relationship u= ppe®® , where o

dependence parameter (the Poole—Frenkel parameter) and £ is electric field (Figure 3c) [28].

Such square-root field dependences are usually observed for organic semiconductors [29,30].
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Close electron mobility values exceeding 3x10° cm?V-!s™! at electric field higher than 5x10°
Vem™!' were observed for compounds 1 and 2 containing flexible diphenyl with the same
accepting unit diphenylsulfone (Figure 3c). Considerably lower electron mobilities were
recorded for compound 3 with rigid dibenzothiophene dioxide unit. Although compounds 1-3
were designed using the same donating units (fert-butyl-substituted acridan moiety), very
different hole mobilities were observed for their vacuum deposited layers. A hole mobility of
1.3x10* ecm?V-'s™! at electric field of 5x10° Vem™!' was observed for the layer of compound 1,
while hole mobilities lower by several orders of magnitude (of 8.1x10°® and 2.6x107 cm*V-'s™)
were obtained for the layers of compounds 2 and 3, respectively at the same electric field. This
result displays a strong effect of the substitution pattern and of the nature of the acceptor on the
hole-transporting properties of the studied compounds. This effect is partly related to different
molecular geometry and rigidity of compounds 1-3 which might result in different molecular
packing in solid films (Figure 1). Relatively low hole mobilities of compounds 2 and 3 can be
apparently explained by weak HOMO-HOMO overlapping of the neighbouring molecules in the
solid films. High and relatively balanced hole and electron mobilities of the layers of compound

1 makes it the most promising one for OLED applications.

2.5. Photophysical properties

Photophysical properties of the solutions in the solvents of different polarity as well as of their

non-doped and doped films were studied. The low-energy absorption maxima of the solutions of

the compounds of their solid films are attributed to the m—m* transition of the conjugated

molecular backbone (Figure 4a). The absorption band with the maximum at ca. 286 nm of the

12



solutions of compounds is apparently related to absorption of acridan. An additional low-energy

band at ca. 314 nm was observed for the solutions of compound 3. This band is mainly related to

absorption of dibenzothiophene dioxide. Absorption bands which could be attributed to charge

transfer (CT) states were practically not observed for dilute solutions of compounds 1-3.

However, absorption tails which can be explained by CT absorption were recorded for the non-

doped films of 1-3 (Figure 4a).
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Normalized intensity, a.u.
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temperatures (b); PL and phosphorescence spectra of the doped films (c); PL decay of doped

films recorded at different temperatures.

The solutions of diphenylsulfone-based para- and meta-substituted compounds 1 and 2 in low-
polarity toluene emitted, respectively, blue light with the intensity maximum at 487 nm and sky-
blue light with the maximum at 503 nm. Meanwhile, dilute toluene solution of dibenzothiophene
dioxide-based compound 3 was characterized by green emission with the maximum at 521 nm.
Photoluminescence (PL) spectra of the solutions of compounds 1-3 in more polar THF were red-
shifted with respect to those of toluene solutions. Such behaviour is common for donor-acceptor
molecules which are characterised by emission with intramolecular CT character [22,31]. In
addition to the red-shifts of PL spectra of the THF solutions 1-3, solvatochromic effect is
detected as decreasing emission intensity of THF solutions in comparison to that of the
corresponding toluene solutions due to higher polarity of THF. Higher photoluminescence
quantum yield (PLQY) values ranging from 5 to 16% (Table 3) were recorded for toluene
solutions in comparison to those of the corresponding THF solutions. These PLQY values of air-

equilibrated toluene solutions were further increased after deoxygenation.

Table 3. Photophysical parameters derived from steady state, time resolved spectroscopic

measurements of dilute solutions and thin films of derivatives 1-3.

s APL, PLQY, 11, T2’[b]
—é nm nm % ns
=]
% THF Toluene/ THF/film/doped film 0
1 = 282 487/522/475/475 16(20¢1)/9/12/55 24,1782 (1.118)
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2 286 503/542/502/497 5(16!1)/3/3/46 63,3964 (1.255)

3 285,315 521/577/542/521 7(15!¢1/4/23/46 32,4642 (1.096)

[al mCP was used as the host; ! PL life times of the doped films; ! PLQYs given for

deoxygenated toluene solutions in parentheses.

Relatively low PLQY values were recorded for non-doped films 1-3 exhibiting aggregation
induced quenching (Table 3). However, PLQY values of 55, 46, and 46% were obtained for the
doped films, i.e., for 10 wt.% solid solutions of compounds 1-3 in 1,3-bis(N-carbazolyl)benzene
(mCP). Even these values do not completely display contributions of triplet levels in emission of
solid samples since they were tested under air conditions. Because of the polarity effect, the
blue-shifted PL spectrum of film of 3 doped in mCP was recorded in comparison to that of the
film of net 3. Unexpectedly, very similar PL spectra were recorded for doped and non-doped
films 1:mCP and 2:mCP. In addition, PL spectra of non-doped films of compounds 1 and 2 were
blue-shifted in comparison to PL spectra of corresponding toluene solutions. Similar unordinary
behaviour of emission of TADF emitters in the solid-state was observed for the derivatives of
adamantyl-substituted phenyltriazine and 10H-spiro[acridine-9,9'-fluorene] [32]. These
adamantyl-substituted TADF molecules were designed taking into account the following
requirements: 1) deep HOMO energy level for the donating moiety, 2) shallow LUMO energy
level for the accepting unit, 3) shallower HOMO of donor than that of acceptor and deeper
LUMO of the acceptor than that of the donor for realizing CT, and 4) locally excited triplet
levels (°*LE) of both donor and acceptor units higher than CT triplet levels. Being in good
agreement with the mentioned requirements,*> compounds 1 and 2 demonstrated stable emission
(non-red-shifted) in their non-doped films. The similar PL spectra of the films of 1-3 doped in

mCP were observed in the large range of temperatures from 77 to 300 K (Figure 4b). Such

15




emission character at different temperatures is possible when the compounds are characterised by
practically identical fluorescence and phosphorescence spectra, something that usually is
observed at low temperatures (77 K). Indeed, similar fluorescence and phosphorescence spectra
were observed by time-resolved PL measurements (Figure 4c). The phosphorescence spectra
were recorded using delay of more than 0.1 ms after excitation. The first singlet (S1) and triplet
(T1) energy levels (marked by straight lines) were taken from the onsets of fluorescence and
phosphorescence spectra.

To clearly provide evidence of TADF for compounds 1-3, fluorescence decay of the films of 1-
3 doped in mCP was recorded at different temperatures (Figure 4d). The fluorescence decay
curves could be well fitted by a double exponentials with short-lived (t1) and long-lived (t2)
components (Table 3) relating to prompt and delayed fluorescence. Delayed fluorescence of
compounds 1-3 is attributed to TADF because the intensity of the fluorescence of their samples
progressively rise with the increasing temperature from 77 to 300 K (Figure 4d, shown by

arrows).

2.6. Theoretical background of TADF properties

An important peculiarity of compound 1 (in contrast to compound 2 and 3) is that its Sy and T
states possess a bi-configurational character. As one can see from Figure 5 both S; and T states
of compound 1 are composed from two significant configurations, the first configuration with
weight (v=0.829 and 0.776, respectively) and the second with weight (v=0.171 and 0.223,
respectively). Both main- and second-weight configurations are actually mirror-equivalent and

correspond to the charge-transfer nature of the S; and T; states (both of nmn* symmetry). The

16



SOC between such states of the same symmetry is usually equal to zero or negligibly small
(corresponding  SOCMEs around 102-10° cm!) [33,34]. However, the main-weight
configuration of the S; state and second-weight configuration of the T; state are different in
orientation (rotation) of the p-AO contribution on the oxygen atoms of the -SO;- group (Figure
5), which implies a significant change of orbital angular momentum moving from S; to T; state

and vise versa and which thus provides considerable SOC between these states.** Indeed, the

(S |[Hso| T,) SOCME for compound 1 is quite large (0.65 cm™) that together with the small AEst

value (exp.: 0.01 eV, Table 4) provides an efficient and fast rISC. At the same time, compounds
2 and 3 are characterized by the single-configuration S1 and Ti states of the same spatial
symmetry that correspond to a less efficient SOC between these states (corresponding SOCMEs
equal to 0.06 and 0.01 cm’!, respectively, Figure 5) and thus to a less efficient rISC. One can
here clearly notice the correlation between the SOCMEs values and EQE values of the final
OLEDs (presented in the next section) which supports that the rISC process has a key role and
responsible for the high efficiency of light-emitting devices.

From the methodological point of view, one can see that both TDDFT and TDA approaches
combined with the tuned range-separated LC-0oPBE functional provides the same high accuracy
with respect to the vertical absorption (Eva), vertical emission (Evg) and vertical AEst gap
parameters comparing with experimental data. However, adiabatic AEst gaps are only well
reproduced for compound 1, while for compounds 2 and 3 we observe an artificial (but very
small) overestimation of T; energy relative to the S; reference state. The change of ® parameter
in the range 0.13-0.17 does not improve the results, and the usage of the CAM-B3LYP optimized
geometries [35] even worsens the resulting AEst gap. The possible way to improve the AEst

parameter for compounds 2 and 3 is to tune more accurately the o parameter (by “Golden
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proportion” method, for example like in Ref. [36]) or to use alternative functionals or approaches

to optimize the Si and T geometries.

Table 4. Calculated energies of S; state estimated without/with accounting geometry relaxation
after excitation and corresponding vertical/adiabatic singlet-triplet gaps in comparison to

experimental data for toluene solutions.

Compound PCM-TD-DFT/LC- PCM-TDA-DFT/LC- | Experiment
oPBE*/6-31G(d) oPBE*/6-31G(d)

Eva(S1) | Eve(S1) | ABst | ABEst” Eva(S1) | Bve(Si1) | AEst | AEst” Eva(S1) @ | Eve(S1) | AEst

1 3.13 2.53 0.02 |0.08 |3.13 2.53 0.02 10.02 |- 2.54 10.01
2 1319 (244 |0.04 |-0.01 |320 |2.44 |0.05 |-0.01 |- 247 10.02
31288 235 |0.02 [-0.01 |2.89 235 0.03 |-0.01 |- 238 10.02

[al EyA(S1) can not be extracted from experiment because of very broad, weak and structureless

absorption in the low-energy region.
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Figure 5. (left) The simplified Jablonski diagram for the compounds 1-3 which explains the

TADF principle mediated by the spin-orbit coupling effects through the rISC channel. (right)
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Natural transition orbital (NTO) pairs for the representative excited states of compounds 1-3.
Hole and particle wave functions with weight v, are placed above and below the arrows,
respectively (insertion). The possible mechanism of SOC between the S; and T; states of

compound 1.

2.7. Electroluminescent performance

To explores the effects of both rigidity of accepting units and tert-butyl modification of
donating units on the device efficiencies, different compounds were tested as TADF emitters in
the OLEDs. The structures of the TADF OLEDs prepared using compounds 1-3 are shown in
Figure 6a. ITO, 50 nm 1,1-bis[N,N-di(4-tolyl)aminophenyl]cyclohexane (TAPC), 10 nm 1,3-
bis(N-carbazolyl)benzene (mCP), 30-nm 9,9'-(2-(1-phenyl-1H-benzo[d]imidazol-2-yl)-1,3-
phenylene)bis(9H-carbazole) (o-DiCbzBz) doped with compounds 1-3, 55 nm diphenylbis[4-(3-
pyridyl)phenyl]silane (DPPS), 1 nm LiF and 100-nm Al were used for the preparation of the 1
hole-transporting layer (HTL), 2® HTL and exciton-blocking layer, emitting layer (EML),
electron-transporting layer (ETL), electron-injection layer (EIL) and cathode, respectively
[37,38]. As it is visualized in Fig. 6b, the chosen functional layers provided good charge

injection into EML. The molecular structures of the organic materials used are shown Figure 6c.
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Figure 6. (a) TADF OLED configuration, (b) equilibrium energy diagram, (c) molecular

structures of the organic materials used in the devices.

After optimizing the device structure by varying the doping ratio of the compounds and the

layer thickness of ETL (results are shown in Figures S7-S10 and Tables S1-S2), the
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electroluminescent characteristics of three high-efficiency devices with compound 1-3 were
obtained as shown in Figure 7. Except for the doping compound in the EML, the main
configuration of these three devices is the same. The dopant concentration is of 24% and ETL
layer thickness is of 55 nm. The high dopant concentration of 24% affects the carrier transport
and determines the device performance. The device characteristics such as driving voltage at 10
mA/cm?, maximum CE, PE, EQE, peak wavelength and CIE color coordinates at illuminance of
1000 cd/m? are summarized in Table 5. Figure 7a shows their J-V curves. The device with
compound 1 exhibits a distinguished J-V behaviour because compound 1 possesses higher
charge carrier mobility than compounds 2 and 3 (Figure 3). In addition, this device also performs
a stronger illuminance because of the better carrier balance in the EML. The device with
compound 2 exhibits a better electrooptical performance than device with compound 3. This is
because compound 2 exhibits a higher electron mobility and a smaller LUMO gap between the
0-DiCbzBz host and itself to benefit the electron transportation and carrier recombination. The
device with compound 1 also shows a distinguished efficiency performance with a CEmax, PEmax,
and EQEmax of 61.1 cdA™l, 64.0 ImW-!, and 24.1%, respectively (Figure 7b). The devices with
compound 2 and 3 show a somewhat inferior efficiency. Their emission spectra recorded at a
driving voltage of 3.5 V are shown in Figure 7c. Their peak wavelengths locate at 495, 518 and
525 nm with a full width at half maximum (FWHM) of 81, 93 and 86 nm, respectively,
corresponding to the CIE coordinates of (0.18, 0.41), (0.26, 0.51), and (0.31, 0.58). The TREL
measurements were performed for these three devices for observing their delayed fluorescence
by using a PMT detector after device switch off as shown in Figure 7d. The devices showed long
emission lifetimes of more than 15 ps, which is delayed fluorescence caused from the triplet

excitons rISC to become singlet emission. The device with compound 1 shows much shorter
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emission lifetime time. It can be deduced that compound 1 possessed an efficient rISC energy
transfer from T to Si, which resulted from the smaller AEst (Figure 4c).
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Figure 7. (a) JLV curves, (b) CE, PE and EQE versus J curves, (c) emission spectra at 3.5 V, and

(d) TREL signals of three devices with compounds 1-3 as TADF emitters.

Table 5. Summary of the EL data of devices 1-3.

Device Driving CEmax PEmax EQEmax Peak  wavelength CIE (x, y)!
voltage (V)@ (cdA ™)1 (ImWHPT  (%)P1  (nm)©

1 6.28 61.1 64.0 24.1 495 (0.18,0.41)

2 7.17 58.4 52.4 19.4 518 (0.26, 0.51)
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3 7.77 54.5 55.7 15.9 525 (0.31, 0.58)

[al The operation voltage recorded under current density is 10 mA cm?. ® The maximum

current efficiency, maximum power efficiency and maximum quantum efficiency. '°! The peak
wavelength at 3.5 V driving voltage. Y The CIE coordinates recorded at a luminance of 1000

cdm™.

3. Conclusions

Three derivatives containing diphenylsulfone or dibenzothiophene dioxide as acceptor
moieties and di-fert-butyldimethyldihydroacridine as donor unit were synthesized for use as
emitters exhibiting thermally activated delayed fluorescence. Slight modifications in molecular
structures resulted in observable differences in thermal, photoelectrical and electroluminescent
properties of the compounds. All synthesized compounds exhibited high thermal stability with
onsets of thermal degradation ranging from 367 to 416 °C. Moreover, all synthesized compounds
were found to be capable of glass formation with glass transition temperatures ranging from 92
to 131 °C. Ionization potentials of the layers of the synthesized compounds were found to be
independent on the linking topology and on the nature of acceptor (5.38 eV). The best hole and
electron charge-transporting properties were observed for the layers of bis(4-(2,7-di-tert-butyl-
9,9-dimethyl-9,10-dihydroacridine-10-yl)phenyl)sulfone. A hole mobility of 1.3x10-4 cm?*V-!s!
and electron mobility of 3x10° cm?V-!s! were recorded for a layer of this compound at an
electric field of 5x10° Vem™'. The peaks of the photoluminescence spectra of the compounds
were observed at 475, 502 and 542 nm, which correspond to blue, sky-blue and blue-green

colour emission. The spectrum of the compound containing a rigid dibenzothiophene dioxide
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acceptor unit was red shifted with respect of those of the compounds containing a flexible
diphenylsulfone unit. Their small singlet-triplet AEst gaps, ranging from 0.01 to 0.03 eV,
guarantees an effective rISC, with an anticipated efficient TADF OLED performance. It was
shown that high efficiency of such light-emitting devices is related to existing of bi-
configurational nature of the lowest singlet and triplet states of TADF emitter (1) with flexible
molecular structure resulting in higher spin-orbit coupling between the S and T states and thus
in more efficient reverse intersystem crossing comparing to the molecule with rigid acceptor
moiety (3) of with the close-oriented donor fragments (2). The OLED with para-donor-
substituted diphenylsulfone as TADF emitter showed a distinct electroluminescent performance
with maximum current efficiency, power efficiency and external quantum efficiency of 61.1
cdA!, 64.0 ImW-', and 24.1%, respectively. This device showed the shorter lifetime of delayed
fluoresce determined by the efficient rISC because of a smaller AEst. Its color coordinates in
Commission Internationale de L'Eclairage (CIE) 1931 chromaticity diagram located nearby
(0.18, 0.41). Despite both high external quantum efficiency and short electroluminescence
lifetime of devices based on TADF emitter 1 with flexible molecular structure, these output
OLED parameters were limited by its relatively low PLQYs and “nonoptimal” energy levels.
Nevertheless, this work can initiate developments of novel TADF emitters knowing that the
“flexibility” is good. The present work represents and translational approach, including rational
design and characterization of new high efficiency OLED devices joining quantum mechanical
electronic structure calculations, synthetic chemistry, spectroscopy, materials science and device
technology. We believe that such an approach has the inherent potential to take further critical

steps in the area of OLED technology.
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Figure 1. The mutual orientation of donor and acceptor groups for the compounds 1 (left), 2 (middle) and 3 (right) in different
electronic states. The tert-butyl and methyl groups are omitted for clarify.
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Figure 7. (a) JLV curves, (b) CE, PE and EQE versus ] curves, (c) emission spectra at 3.5 V, and (d) TREL signals of three
devices with compounds 1-3 as TADF emitters.



Table 1

Table 1. Thermal characteristics of derivatives 1-3.

Te, [°C]®! (2™ heating T
Cr.

Derivative Tum, [°C][ scan) , [°C]! Tgemset o]l
1 - 92 - 416
2 287 126 181 401
3 318 131 182 367

(4] Tyy, - melting temperature in the second heating (10 °C/min, nitrogen atmosphere). ™) the second
heating scan. [°! T, - glass-transition temperature. [/ T, - crystallization temperature. [ T4 is the

temperature of onset of thermal degradation (20 °C/min, nitrogen atmosphere).



Table 2

Table 2. Oxidation potential, ionization potentials, electron affinities, and calculated HOMO/LUMO

energies of 1-3.

Derivative E%mnset  vs Py, HOMOWN EAcy®, LUMO  [p%, EA*,
Fc, [V] [eV] [eV] [eV]ld] [eV]le]
1 0.42 5.19/-5.21 3.46/-1.75 5.38 2.22
2 0.44 5.22/-5.08 3.73/-1.63 5.38 2.21
3 0.45 5.23/-5.25 3.69/-2.15 5.38 2.84
_ _ opt opt
[Py = |—(1.4 x 1e"E%%,, vs Fc/V) — 4.6| eV.  EAcy = —([IPey| —E;")  Eg

al ; [b] ( is onset

oxidation potential vs the Fc/Fc*; B¢ = 1240/Aedge, hedge is the onset wavelength of absorption spectrum

of the dilute THF solution. [) HOMO and LUMO energies calculated by the B3LYP/6-31G(d) method;
[d] 1,PE s the ionization potential of thin solid layers estimated by photoelectron emission spectrometry.
] £,PE is electron affinity of thin solid layers estimated by the formula E4*= Ip"*~E, The optical

band-gaps (Ez) were taken from absorption spectra of the layers (Figure 4a).



Table 3

Table 3. Photophysical parameters derived from steady state, time resolved spectroscopic

measurements of dilute solutions and thin films of derivatives 1-3.

A, AL, PLQY, 11, !
é nm nm % ns
=)
% THF Toluene/THF/film/doped film'! ©
1 = 282 487/522/475/475 16(20!°1/9/12/55 24,1782 (1.118)
2 286 503/542/502/497 5(16!h/3/3/46 63, 3964 (1.255)
3 285,315 521/577/542/521 7(1511/4/23/46 32, 4642 (1.096)

(I mCP was used as the host; ! PL life times of the doped films; [ PLQYs given for deoxygenated

toluene solutions in parentheses.



Table 4

Table 4. Calculated energies of S; state estimated without/with accounting geometry relaxation after
excitation and corresponding vertical/adiabatic singlet-triplet gaps in comparison to experimental

data for toluene solutions.

Compound PCM-TD-DFT/LC- PCM-TDA-DFT/LC- | Experiment
oPBE*/6-31G(d) oPBE*/6-31G(d)

Eva(S1) | Eve(S1) | AEst | AEsr Eva(S1) | Eve(S1) | AEsr | AEst Eva(S) ™ | Evie(S1) | AEst
1313 2.53 0.02 |0.08 3.13 2.53 0.02 |0.02 - 2.54 0.01
2 1319 |244 (0.04 |-0.01 |320 |244 |0.05 |-0.01 |- 2.47 0.02
3 288 2.35 0.02 |-0.01 |2.89 [2.35 0.03 |-0.01 |- 2.38 0.02

(3 Eva(S1) can not be extracted from experiment because of very broad, weak and structureless

absorption in the low-energy region.



Table 5

Table 5. Summary of the EL data of devices 1-3.

Device Driving CEmax PEmax EQEmsx Peak  wavelength CIE (x, y)l9
voltage (V)1 (cdAHT  (ImWHPT (%) (nm)!!

1 6.28 61.1 64.0 24.1 495 (0.18,0.41)

2 7.17 58.4 52.4 19.4 518 (0.26,0.51)

3 7.77 54.5 55.7 15.9 525 (0.31,0.58)

[al The operation voltage recorded under current density is 10 mA cm?. [ The maximum current
efficiency, maximum power efficiency and maximum quantum efficiency. ) The peak wavelength at

3.5 V driving voltage. [ The CIE coordinates recorded at a luminance of 1000 cdm™.
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