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/Abstract: Although bowl-shaped N-pyrrolic polycyclic aromatic hydrocarbons (PAHs) can achieve excellent electron-
donating ability, their application for optoelectronics is hampered by typically low photoluminescence quantum yields
(PLQYs). To address this issue, we report the synthesis and characterization of a series of curved and fully conjugated
nitrogen-doped PAHs. Through structural modifications to the electron-accepting moiety, we are able to switch the
mechanism of luminescence between thermally activated delayed fluorescence (TADF) and room-temperature
phosphorescence (RTP), and to tune the overall PLQY in the range from 9% to 86 %. As a proof of concept, we
constructed solid-state organic light-emitting diode (OLED) devices, which has not been explored to date in the context
of concave N-doped systems being TADF/RTP emitters. The best-performing dye, possessing a peripheral trifluorometh-
yl group adjacent to the phenazine acceptor, exhibits yellow to orange emission with a maximum external quantum

~

\efficiency (EQE) of 12 %, which is the highest EQE in a curved D-A embedded N-PAH to date. )
Introduction molecule, or within the polycyclic system. The dopant atoms

Polycyclic aromatic hydrocarbons (PAHs)!'! designed with-
in the last two decades find use in a number of applications,
including as chemical sensors,* organic field-effect transis-
tors (OFETs),”! organic solar cells,® fluorescence imaging
labels,”® liquid crystals,”'” and organic light-emitting
diodes (OLEDs)." One of the most fruitful approaches to
tuning their physicochemical properties is doping with
elements other than carbon, either at the periphery of the
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alter both the electronic properties, such as the MO energy
levels, and molecular geometry. This latter factor is of
particular importance for nitrogen-doped PAHs.['>"! A
centrally positioned N-heteroatom surrounded solely by six-
membered rings leads to various planar or only slightly bent
architectures, such as the carbonyl-, dimethyl-, O-, and S-
bridged N-heterotriangulenes (Figure la, structures 1-
4b)."71 Even though the latter examples prove to be strong
electron donors, their relatively poor thermal and chemical
stabilities, and strong tendencies towards n-stacking inter-
actions, impede their practical application.

Conversely, when the N-dopant is partially or fully
surrounded by five- and/or seven-membered rings, the ring
system adopts a concave, or bowl-shaped geometry. In turn,
the curvature of the molecular skeleton has a strong effect
on the photophysical properties of the N-doped PAHs.I'>"!
In contrast to their planar analogues, relatively few exam-
ples of n-extended N-embedded PAHs (selected examples
are shown in Figure 1b) have been reported thus far, as their
preparation typically requires tedious and multistep synthe-
ses. Notably, seminal works on the pyrrole-embedded
curved PAHs Sa and 5b were independently reported by
Nozaki"® and Shinokubo:;"! whereas further modifications
of this scaffold were explored by Ito™?"! and Feng.”?! More
recently, Zhang and co-workers reported PAHs containing
acridone (6 and 7)™ and phenothiazine (8)P, as suitable
building blocks to ensure the desired curvature for the
construction of concave and boat-like conformations, re-
spectively. Moreover, the Gryko research group demon-
strated the utility of pyrrolo[3,2-b]pyrrole in forming a
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Figure 1. Chemical evolution of N-doped PAHs.

concaved
-~ arrangement

intrinsic donor

buckybowl-like system, with inverse Stone-Thrower—Wales
defects, first through “on surface”,”” and subsequently “in
solution”™! approaches (Figure 1b, 9). Despite the promis-
ing structural alignment of an electron-donating group (D),
exploration of curved N-PAHs as prospective optoelectronic
materials is limited by their relatively low emission effi-
ciency. The tailoring of their band gaps and singlet-triplet
(S-T) states through modification of the periphery of the n-
scaffold is the most straightforward method to optimize
these properties. However, this approach is complicated by
the need to attach solubilizing groups in what are often the
most reactive positions of N-PAHs, which prevents further
synthetic transformations with electron-accepting species
(A). Partially for this reason, the rational design of non-
planar and thoroughly conjugated N-PAHs with a D-A
electronic structure that compensates for the desired
functions and synthetic availability has remained elusive.
The phenomenon of thermally activated delayed
fluorescence (TADF) shows great promise for the
enhancement of the external quantum efficiencies (EQEs)
of organic light-emitting diodes (OLEDs). In principle at
least, TADF-active organic emitters can quantitatively
harvest the excitons generated in the emitting layer through
electrical excitation and convert them into light through
efficient reverse intersystem crossing (rISC).”3? The key
issue in designing efficient TADF emitters is the acceler-
ation of a spin-forbidden and endothermic rISC process
(T,—S;). D-A n-conjugated systems with a sizeable D-A
dihedral angle and vibrational motion achieve this by
minimizing the singlet-triplet energy gap (AEg;<0.2 eV) to
lower the activation energy for rISC and mixing excited
charge-transfer (CT) and localized energy (LE) states to
allow spin-flip electronic transitions. Therefore, the develop-
ment of TADF active organic materials has so far relied on
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planar and branched D-A species. A significant drawback of
this architecture is that the radiative emission cross-sections
are typically small. This effect adversely influences photo-
luminescence quantum yield (PLQY). On the other hand,
when a moderate AEg; (0.3-0.6 €V) is identified, in competi-
tion with TADF, photon emission can take place through
room-temperature  phosphorescence (RTP).”®  Conse-
quently, the molecular design targeted strictly at TADF or
RTP is fundamentally important from the viewpoint of
future applications in the domains of sensors, data encryp-
tion, and white light-emitting OLEDs (WOLEDs).**

Herein, we report a concise and efficient synthetic
strategy towards a new class of nonplanar N-PAHs with
intrinsic D-A electronic structures which are, for the first
time, applied as yellow to orange TADF/RTP OLED
emitters (Figure 1c). These compounds owe their attractive
photophysical properties, such as the spatial separation of
the HOMO and the LUMO, to an antiaromatic seven-
membered ring located between the electron-donating and
-accepting moieties. The entirely fused, and curved system
leads to the small Agr energy and enables control of the
emission mechanisms (TADF vs RTP) with respect to the
acceptor applied. Their strength contributes to the remark-
able PLQY amplification (up to 86 %) determined for the
most electron-poor derivative. Thus, the OLEDs fabricated
with the developed N-PAHs as TADF/RTP emitters are
unprecedented for this class of compounds and can achieve
an EQE as high as 12 % along with satisfactory operational
stability and a low roll-off process.

Results and Discussion

We envisaged our ambipolar N-PAHs as suitable architec-
tures for TADF/RTP emitters because of the built-in
separation of frontier molecular orbitals (FMOs) and thus
adjusting S—T energy levels (implementation of curvature
could minimize FMOs overlap and narrow AEg;). Thus,
appropriate selection of building blocks is fundamental to
simultaneously maintain (i) the desired curvature (caused by
two pentagons and one heptagon) around an electron-
donating nitrogen atom, (ii) insert an electron-poor unit on
the periphery of PAHs so as to afford an efficient separation
of orbitals. Taking this into account, we utilized commer-
cially available dibenz[b,f]azepine to face the design require-
ments (i/ii). Therefore, the synthetic pathway demonstrated
in Scheme 1 starts from its chemoselective Buchwald-
Hartwig amination®! with 2,6-dichloro-1-iodobenzene deliv-
ering amine 11 in excellent 89 % yield. Subsequent annula-
tion of two 5-membered rings by microwave-assisted direct
arylation was achieved through modification of reaction
conditions first reported by the Scott®™ group (only 5 mol %
of Pd catalyst was implemented) in which the dichlorinated
precursor was subjected to heating for 50 min to obtain
compound 12 in 77 % yield on a multigram scale. Inclusion
of the antiaromatic (for a detailed discussion on the
antiaromaticity of our N-PAHs, see the Supporting Informa-
tion, section SI-10) seven-membered ring of azepine in this
structure allows for further oxidation to diketone 13. The

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



GDCh
~~

®
()

< < < J

10k

Research Articles

& 0&0 e )

Angewandte

intemationaldition’y) Chemie

(iTc:)
/TN
N

<@

S
NC CN j\ /Z
a N N
N\ /N \ 7/

101 10m 10n

Scheme 1. The synthetic path towards D-A arranged N-PAHs with an array of electronically diverse phenazines. Reagents and conditions:

(i) Pd(OACc),,
BSA, o-dichlorobenzene, 65 %. (iv) AcOH/EtOH, 1:1, 56-79%.

first oxidative approach we examined was that commonly
used for the selective oxidation of pyrene-embedded
PAHs.®! Using this approach, the synthesis of the key
intermediate 13 was achieved with an unsatisfying 37 %
yield. The use of benzeneseleninic acid anhydride (BSA)F*!
proved significantly more effective, however, and the
oxidation efficiency was raised to 65 %. Planar analogues of
dione 13 are known to readily undergo acid-promoted
condensation with various 1,2-aromatic diamines to yield n-
extended phenazines.” Accordingly, a series of 14
phenazine derivatives (10a-10n) were created from appro-
priate diamines to give curved N-PAH derivatives with a
range of electron-accepting properties and points of further
functionalization. Each synthetic step was found to be
readily scalable, and three of them (Supporting Information,
section SI-3) could be performed without chromatographic
separation, which increases the prospective applicability of
the current methodology. Incorporation of such a diverse
range of fused phenazine derivatives with electronically
varied substituents allows for strict control of the strength of
the acceptor. With such molecular engineering, we antici-
pated that fine control of the optoelectronic features of our
N-PAHSs, such as a tunable emission mechanism (TADF vs
RTP), could be achieved with a great emphasis on excited
states energies.

Single crystals of 101 suitable for single-crystal X-ray
analysis were obtained by slow evaporation of a dichloro-
methane/tetrahydrofuran solvent mixture at room temper-
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P(tBu);HBF,, NaOtBu, toluene; 89 %. (i) [Pd(Pcy);]Cl,, DBU, DMAc, MW, 77 %. (iii) RuCl;, NalO,, NMI, THF/DCM/H,0, 37% or

ature. This compound crystallizes in the P-1 space group
with two molecules in the unit cell. Analysis of the obtained
structure, displayed in Figure 2, unambiguously confirmed
the proposed concave geometry. The distance of the central
nitrogen atom and the plane of the three carbon atoms of
the peripheral benzene rings indicate the depth to be 0.63 A
(Figure 2b). The less pronounced depth of 101 compared to
6b and 7 is due to the lower strain produced by the seven-
membered ring in the N-PAHs reported herein. This finding

Figure 2. Crystal structure of 101: a) view of the crystal structure of 101
from the concave face and POAV angles; b) side view of the crystal
structure of 101 with measured depth; c) the molecular packing in the
crystalline state.
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can be tracked with the n-orbital axis vector (POAV) angle
(Figure 2b), that is a distinctive index for nonplanar
compounds. In this consideration, the nitrogen POAYV angle
for 101 (7.25°) was evaluated compared to those of Sa/b (
~7.55°5 and 6a/b, 7, and 9 (15°-16.4°).3**1 Aqp
analogous deviation was measured for inner carbon atoms
(C2, C4, C16) that occur in between 3.98°-5.25°.

Interestingly, nearly all previously reported curved
systems®?! stack in a concave—convex manner assembled in
the same direction, thus promoting undesirable n-nt stacking.
In contrast, molecules of compound 101 in the crystal phase
adopt a “head-to-tail” antiparallel arrangement. As can be
seen in Figure 2c, the electron-donating group of one
molecule in the unit cell is in contact with the electron-
accepting group of the other molecule with almost parallel
orientation of the D-A units. The short distances were
measured to be 4.02 A, which reveals a lack of unwanted n-nt
interactions (for further proof see the optical studies in
solution, Supporting Information, section SI-5, Figure S21).
This spatial arrangement of molecules in the crystal phase
could promote the formation of excitons, which is advanta-
geous from the standpoint of photophysics and possible
applications in TADF/RTP OLEDs.

The crystal structure of 101 presented the intended
curvature of the designed molecular scaffold. In order to
examine the relationship between the structures and the
optical properties of compounds 10a-10n, their electronic
excitation spectra were simulated with second-order alge-
braic diagrammatic construction theory with spin-compo-
nent scaling (SCS-ADC(2))."*!l For the sake of brevity, in
the main body of our paper we focus on compound 101 as a
representative example. The vertical excitation energies for

3.522 eV
S:(1E) eupm——
3.455 eV

s, ('CT)
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the other compounds in the series 10a-10n are given in
Table S2 (Supporting Information, section SI-2). The elec-
tronic structures of the low-lying excited states of compound
101 were visualized by plotting electron density difference
maps (EDDMs). An EDDM is defined simply as a differ-
ence between the electron density of the excited state and
that of the ground state at the same nuclear geometry. Thus,
the EDDM shows the redistribution of electron density
associated with a given vertical transition. Figure 3 presents
a summary of the simulation results. According to our
calculations, the lowest singlet excited state (S;) of com-
pound 101 is a 'mr*-type state with a vertical excitation
energy of 3.455eV. The inspection of its EDDM (see the
lower left panel of Figure 3) shows that this state has a
partial donor-to-acceptor character. In the canonical MO
picture, the S, state arises mainly from a HOMO—LUMO
excitation. The S;—S; transition is characterized by an
appreciably large oscillator strength, considerably larger
than the transitions into the other low-lying singlet excited
states. Thus, the lowest photo-absorption band of 101 can be
assigned mainly to the transition into the S, state. In what
follows, we refer to the analogous singlet CT-type states of
compounds 10a-10n simply as the 'CT states. The S, state is
closely followed by the S, state with a vertical excitation
energy of 3.522 eV. The S, state is mainly localized on the
donor group, as evidenced by its EDDM (see the upper left
panel of Figure3). It does not exhibit a significant CT
character. In the canonical MO picture, this state arises
predominantly from a HOMO—LUMO +1 excitation, with
smaller contributions from other electronic configurations.
The Sy—S, transition displays a relatively low oscillator
strength. Other compounds in the series 10a-10n exhibit

EDDM for T,

RTP

EDDM for T,

Figure 3. Energy level diagram for compound 101. The energy scale is qualitative. The main nonradiative transitions and luminescence processes
are marked with arrows, while the insets on either side of the diagram show EDDM s for the relevant excited electronic states calculated at the
ground-state equilibrium geometry. The EDDMs are plotted in the form of isosurfaces with isovalues of £0.002 e/a,’. The red and blue isosurfaces
delimit regions in which the electron density is increased and decreased, respectively, relative to the Sy state.
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analogous low-lying non-polar 'nr*-type states, and in what
follows, we will refer to these as the 'LE (locally excited)
states. The S; and S, states, in turn, are energetically well-
separated from the S; and S, states, and display low
oscillator strengths for excitation from the ground state. For
this reason, the S; and S, states are not expected to play a
significant role in the photophysics of compound 101. The
lowest two triplet states of compound 101 (T, and T,) found
at 2.984 eV and 3.091 eV, respectively. Both these states
exhibit pronounced multiconfigurational character, which is
presumably because they lie close in energy and interact
strongly with one another. We also located T; and T, states
higher in energy, ca. 0.3 eV above the T, state. In most of
the other compounds in the series 10a-10n, the electronic
structures of the S, and S, states are qualitatively similar as
in 101. The two exceptions are compounds 10d and 10f. In
compound 10d, the lowest singlet excited state is a
spectroscopically dark 'nm*-type state that is localized on the
anthraquinone moiety. In compound 10f, on the other hand,
the ordering of the lowest two singlet states is inverted with
respect to compound 101 in 10f, the dark 'nrn* state lies
vertically below the bright 'mn* state. Furthermore, in
compound 10f, both these states are strongly polar due to
donor-to-acceptor CT. Furthermore, for all compounds in
the series, the SCS-ADC(2) calculations predict that the
lowest triplet excited state (T,) lies vertically below the
lowest singlet excited state (S;). The lowest singlet-triplet
energy gap (AEgr) was found for compound 10d (0.24 eV).

In all cases, the HOMO is predominantly distributed
over the electron-donating tertiary amine group, whereas
the LUMO is largely localized on the electron-accepting
phenazine group (Supporting Information, Figures S1-S14).
Thus, the bridging of the electron-donating and -accepting
groups with a nonaromatic seven-membered ring achieves
our aim of enforcing a spatial separation between the
HOMO and the LUMO orbitals.

Having examined the relevant excited electronic states
of compounds 10a-10m through the lens of ab initio
calculations, we are now prepared to discuss the results of
the spectroscopic measurements. We begin with their photo-
absorption and steady-state fluorescence spectra in organic
solvents (for plots of the spectra see the Supporting
Information, Figure S15). Interestingly, the hybrid 'LE
(toluene) and 'CT (dichloromethane (DCM)/tetrahydrofur-
an (THF)) character of the emission was observed, as we
have not noticed a dramatic bathochromic shift as a function
of the polarity of solvents. The closer inspection into the
emission profile through the entire set of compounds
showed a significant red-shift with respect to the enlarged n-
conjugation (10a ., 505 nm vs 10b 4., 534 nm) as well as
enhanced electron-deficiency. The latter influence was
clearly visible for the molecules equipped with the anthra-
quinone unit (10d, A., 628 nm), l-azaphenazine moiety
(10e, 2., 527 nm), and most prominent for the nitrile groups
(10f, 2., 630 nm), accompanied by the displayed orange-to-
red emission (Supporting Information, Figure S15). The
largest red-shift noticed for 10f would imply its increased
rigidity in the excited state. The impact of the alkyl as well
as halogen groups proved to be less impressive and was
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demonstrated in detail in Figure S15 (Supporting Informa-
tion).

The emissive properties of compounds in 10a-10n were
subsequently investigated by time-resolved luminescence
spectroscopy performed in nonpolar Zeonex as the stage
between solution and solid-state (its use is aimed at the
initial screening of photophysical properties allowing the
probability of aggregation in the solid-state moiety to be
decreased) and 4,4’-bis(N-carbazolyl)-1,1'-biphenyl (CBP) as
the host matrixes (Figure 4; Supporting Information, Figur-
es S17-S20, section SI-5). For the entire series of analyzed
compounds (10a-10n), the groups affect the singlet 'CT
energy state, where the triplet localized energy state remains
(CLE). Under these circumstances, AEg;y gaps are small
enough (Supporting Information, Table S3) to trigger
TADF, RTP, or dual TADF and RTP. However, we turned
our attention exclusively on 10d, f, g, h, m in which the
changes in photophysics emerge to be the most paramount
(with respect to the character of the attached substituent).
At first we paid attention to the influence of the most
electron-accepting groups, nitrile (10f) and anthraquinone
(10d), mounted to the scaffold of N-PAHs. For the dye 10f,
we have mixed TADF and RTP emission where the RTP
contribution is higher than 1% (Figure 4e). While tracking
the emission change at different delay times (Figure 4g),
distinct pure TADF emissions were observed with a micro-
second delay, which is relevant for OLED devices. TADF
emission starts to be visible in the ps range and circles over
the ISC/rISC process to ms delay times where the RTP
process is involved. Hence, for compound 10f, the shift from
TADF to pure RTP is around 0.5 ms delay time (Figure 4g)
where in the Zeonex matrix dual emission is observed
(Figure 4e). In the case of the second complex (10d), TADF
was observed as delayed emission, but not from an S, energy
state, rather a higher energy state (S,). Such experimental
findings are consistent with calculations (for more details
see the Supporting Information) made for compound 10d,
as a significant f value (“bright” oscillator) for the S, state
was determined. Nonetheless, the most intriguing behavior
was observed for both 10f and 10d (Figure 4). Insightful
analysis hints at the appearance of an inversion of singlet
and triplet energy states in both cases. In the case of 10d,
the prompt fluorescence emission is a set of two signals; one
with maxima at 494 nm and the second at 590 nm. The signal
at 494 disappears with a circa 10 ns delay time, and only the
single emission at 590 nm remains. That means our lowest
singlet state is 590 nm (2.10 eV) and our real AEST is equal
to —0.25 eV possesses AEgr=—0.25 eV (Figure 4a). A sim-
ilar, but more visible observation is identified for 10f, for
which the triplet energy state is 0.34 eV higher than the
lowest singlet excited state (Figure 4e). It has to be noticed,
however, that the experimental values are not in accordance
with those extracted from computations (Supporting Infor-
mation, Table S2). The origin of negative AE¢r remains an
open question and an additional, more targeted molecular
design is indispensable to clearly elucidate the observed
phenomena. When switched to the more electron-rich
thiophene-functionalized N-PAH 10g (with the highest
triplet energy state, Figure 4i) pure TADF emission was
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Figure 4. Time-resolved spectra of compounds 10d, f, g, h, m in a Zeon

ex (a, e, i, m, ) and CBP (b, f, j, n, r) matrix. The energies correspond to

the maximum emission peaks. Intensity vs delay time measurement decays with the inset spectra collected at particular delay time of compounds
in Zeonex (c, g, k, 0, s) and CBP matrix (d, h, |, p, t). Estimation of singlet and triplet states was done by emission.

noticed, where delayed emission (80 ms, 300 K) matches the
prompt ns emission (Figure 41).

Closer inspection of the transient curves and inset
spectra at microsecond delays revealed that the spectra
(Figure 4k) shift slightly to lower energies, which is not so
unusual in CT-based emitters and explained by local
interactions between the dipole moment of the host and the
excited state dipole moment of the TADF molecule.*”! The
phosphorescence part starts to be visible above 1 ms delay
time. Interesting results were observed for 10h, which

exhibit the highest DF properties; both a high PLQY value
and DF/PF ratio suggest a very efficient rISC process
(Table 1). The delayed emission is very strong in both the
Zeonex and CBP matrix and, in both cases, the delayed
emission and microsecond region match the prompt emis-
sion (Figure 4m,n), which is a TADF process. From this set
of compounds, only 10m with a single bromine group had a
purely RTP emission at 80 ms delay time (Figure 4q),
whereas at the microsecond range only pure TADF is
observed, which means in this case we have a direct shift
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Table 1: Photophysical properties of the most representative examples of N-PAHs 10d, f, g, h, and m.

Comp.  Aem [nm]¥  Host PLQY [%]® 7 [ns]* Tor [ps] Ton [ms] DF/PFE S [ev]T T [eV]!  AEg[eV]®
10d 497 Zeonex 2 3.04+0.04  7.43+065 - 0.46 2.10 2.35 -0.25
456 CBP 16 15.68+0.91  2.42+£030 - 0.43 1.97 2.36 -0.39
10f 555 Zeonex 6 25.424£1.12  0.94+006 - 0.35 2.23 2.57 -0.34
617 CBP 86 23.74£104  1.00£0.09 - 1.89 2.01 2.36 —0.35
10g 490 Zeonex 2 4.73£038  0.96+0.08 - 0.38 2.53 2.55 —0.02
51 CBP 29 7.80£0.17  0.58+0.02  0.72+0.07 0.18 2.43 2.22 0.20
10h 513 Zeonex 50 8.22+0.88  3.99+041 - 3.90 2.42 217 0.25
507 CBP 37 9.41+0.24  1.60£0.11 - 5.30 2.44 2.15 0.29
10m 512 Zeonex 1 3.07£0.31  1.58+0.14  3.12+£0.23 0.73 2.42 2.1 0.31
503 CBP 17 557+£036  0.79+0.08 - 65.43 2.46 2.09 0.37

[a] Photoluminescence maximum. [b] Photoluminescence quantum yield. [c] Prompt fluorescence lifetime in the host. [d] Delayed emission
lifetime in the host. [e] Delayed fluorescence (DF) to prompt fluorescence (PF) ratio in the host. [f] Singlet and triplet energy in host. Error

+0.03 eV. [g] Singlet-triplet energy splitting in Zeonex. Error £0.05 eV.

between TADF and RTP processes rather than dual
emission (Figure 4s).

In order to gauge the potential of compounds 10a-10n
as the active materials in organic light-emitting diode
(OLED) structures, their photophysics were studied in the
CBP (Figure 4; Supporting Information, Figures S19 and
S20). It transpired that the change of the host matrix (CBP
vs Zeonex) has a noticeable effect, at ms delay time, on the
emission mechanisms for 10d, f, and g. Consecutively,
TADF was detected for 10f in CBP (Figure 4f), even at the
longest delay times (Figure 4h). When switched to Zeonex
matrix, we anticipated singlet-triplet inversion to be ob-
served for 10f and similarly for 10d (see above) but, to our
surprise, the resulting effect was the opposite. For com-
pound 10f in Zeonex, dual TADF/RTP emission was
exhibited (Figure 4¢), while in the case of 10d in Zeonex,
TADF character was determined; in CBP, the emission of
10d was shifted to RTP (Figure 4a,b). Intriguingly, in both
cases (Zeonex and CBP, respectively), the emission from
the lowest state is not visible at longer delay times (Fig-
ure 4c,d). That means the rISC process is blocked from
passing to the lowest state but the excited state follows to a
higher singlet state (Zeonex) or stays on the lowest triplet
energy state (CBP). A careful examination of emission
decay for 10g disclosed that the pure TADF in Zeonex
(Figure 4i) changed to pure RTP in CBP (Figure 4j). If we
look at the respective energy levels for 10g (Table 1), both
singlet and triplet energies are lowered but the triplet state
is more affected, increasing the AFEgr to 0.20 eV. This is
enough for the TADF process to be turned off and RTP
promoted. For the other RTP emitter, 10m, the RTP is
observed already at ps delay times (Figure 4q), suggesting
that this dye should work as RTP emitters in OLEDs. For
all compounds (10d, f, and g), which had AEg; in Zeonex
close to 0, the gap rose significantly by at least 0.15 eV in the
CBP matrix (Table 1).

For the other compounds, the change in the gap was less
notable and tended to lower values in the range of 0.05 eV.
Notably, one of the most important factors describing the
TADF impact on the final device is the DF/PF ratio. This
factor can qualify how the contribution of the triplet state
contributes to the final emission. As it was stated by Dias
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et al.®! above a ratio of 3 gives a 100 % use of generated
triplets. In the Zeonex matrix, compounds 10b, e, h, i, j, k, 1,
and n, showed the highest DF/PF (Supporting Information,
Table S3), which demonstrates the high impact of nitrogen
insertion and the halogen group to the rISC process. Even
though the DF/PF ratio tends to decrease in the CBP matrix,
the three compounds (10h, m, and n) exhibit the ratio above
the threshold, and two of the compounds (10f and 1) exhibit
a ratio at a high value of ca. 2. As for the RTP emitters (10d
and g), in both cases the overall RTP emission is much
smaller than the fluorescence (0.43 and 0.18; Supporting
Information, Table S3).

Prior to the device fabrication, the thermal stability for
the entire set of compounds 10a-10n was examined by using
TGA/DSC techniques. We found that the vast majority of
our derivatives were stable around 300°C (for detailed
results see the Supporting Information, Figures S23-S36),
which agrees with behavior previously demonstrated for
compounds 4a and 4b." To our delight, such stability
seems to be sufficient to maintain an efficient electro-
luminescence in OLED devices. In the final stage, the
OLED devices were fabricated and characterized (Figure 5),
and the behavior of the emitters in the CBP host was
evaluated. The HOMO-LUMO values obtained from elec-
trochemical measurement were used to evaluate the possible
OLED device structures. The optimal device structure for
the emitters was used in configuration: devices 10a-n -ITO/
NPB [N,N'-di(1-naphthyl)-N,N'-diphenyl-(1,1"-biphenyl)-
4,4'-diamine] (40 nm)/TSBPA [4,4'-(diphenylsilanediyl)bis-
(N,N-diphenylaniline)] (10 nm)/10% of 10a-n in CBP
(20 nm)/TPBi [2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole)] (50 nm)/LiF (1 nm)/Al (100 nm) (Figure 5).
All the devices fabricated with the emitters except for 10d
and 10g showed electroluminescence, which could be
associated with TADF, whereas 10d and 10g had RTP
emission, which is supported by photophysical analysis. The
characteristics of the OLED devices revealed a significant
increase in OLED efficiency depending on the structure
(Figure 5c,d). The device based on emitter 10h (Figure 5d)
with the trifluoromethyl group was found to be the most
efficient (as could be also reflected by the DF/PF ratio, see
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Figure 5. The characteristics of the OLED devices based on emitters
10a-n. a) OLED structure. b) Device based on emitter 10h. c,d) E-
EQE =luminance characteristics.

above) with an external quantum efficiency (EQE) around
12 % (Figure 5d).

About 10% EQE was obtained for the device based on
emitter 10f with double nitrile groups and singlettriplet
inversion effect. The highest RTP-based OLED was ob-
tained for devices based on emitter 10g with a thiophene
unit up to 3%. All devices except 10d (Supporting
Information, Figure S37a) had an electrical turn-on voltage
around 3.0 V; in the case of 10d, the value was 2.0 V. The
highest luminance was obtained for the OLED based on
emitter 10f, with up to 24680 cdm 2, whereas for the RTP
based OLED (10g), up to 10250 cdm™ was recorded
(Supporting Information, Figure S37a). In all the cases, the
electroluminescence spectra (Supporting Information, Fig-
ure S38a,b) match the delayed emissions at the microsecond
region of the time-resolved emission (Supporting Informa-
tion, Figures S18 and S20). Most of the devices presented
greenish emission of the OLEDs; 10g had a yellow emission
and 10f orange-red. If we think about the molecular
structure impact on the final device, the additional benzene
ring allows the EQE to increase by 2.5 times (10a and 10b).
The insertion of the nitrogen group resulted in doubling of
EQE (10a and 10e) and quadrupling with the addition of a
bromine group (10a and 10m). Pure halogen groups had
only a limited impact on the increase of the overall
efficiency (lower than 2 times).

Conclusion

In conclusion, we have introduced a new paradigm for
construction of strongly emitting N-doped PAHs. Our
design, where N-doping is combined with a nonaromatic
bridge between aromatic donor and acceptor groups, leads
to superb optical and electronic properties: high photo-
luminescence quantum yields (PLQYs) of up to 86%, a
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controlled crossover between thermally activated delayed
fluorescence (TADF) and room-temperature phosphores-
cence (RTP), and an advantageous head-to-tail n-stacked
arrangement in the molecular crystal phase. The optoelec-
tronic properties of these nonplanar dyes can be flexibly
tuned through an appropriate choice of the electron-accept-
ing group. Showcasing their potential applicability, the N-
doped PAHs were incorporated into OLED devices. The
best-performing compound in the series, possessing an
electron-withdrawing CF; group, shows a very high effi-
ciency of 12 %. Our findings demonstrate that the combina-
tion of N-doping and nonaromatic bridging is a general
strategy towards concave PAHs with excellent optoelec-
tronic properties. This approach could also potentially lead
to compounds that exhibit singlet—triplet inversion, which is
an ongoing field of research in our laboratory.
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