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ABSTRACT: The introduction of pyrrolic nitrogen dopants into the central sites of polycyclic aromatic hydrocarbons (PAHs)
often gives rise to characteristic bowl-shaped structures due to the simultaneous introduction of 5- and/or 7-membered cy-
cles. Although the incorporation of these heteroatoms achieves excellent electron-donating ability, the application of this
strategy for the design of optoelectronics is hampered by typically low photoluminescence quantum yields (PLQYs). In order
to address this issue, in the present study we report the synthesis and characterization of the first curved and fully conjugated
nitrogen-doped PAHs in which an electronically diverse phenazine terminus serves as the electron-accepting moiety. We show
that the curvature of the molecular skeleton increases the spatial separation between the HOMO and the LUMO, leading to low
singlet-triplet gaps, which are essential for high reverse intersystem crossing (RISC) rates. Moreover, we evaluate the utility
of the concave N-doped systems as TADF/RTP emitters, which has not been explored so far in the context of non-planar N-
PAHs. By varying the electron-accepting ability of the phenazine terminus, we are able to tune the PLQY of the given com-
pounds in a range from 9% to 86% (for a dinitrile substituted derivative). As a proof of concept, we constructed solid-state
OLED devices exhibiting yellow to orange emission. The best-performing compound, built from a 3-(trifluoromethyl)phenyl
decorated phenazine acceptor, shows a maximum external EL quantum efficiency (EQE) of 12%, which is the highest EQE in
an curved D-A embedded N-PAH to date.

a) planar N-doped PAHS b) positively curved PAHs

Polycyclic aromatic hydrocarbons (PAHs)'-3 unveiled
within the last two decades have demonstrated an immense
array of potential applications including as chemical sen-
sors,*organic field-effect transistors (OFETs),® organic solar x@\x
cells,® fluorescence imaging labels,”8 liquid crystals,®° and @"Kj
organic light-emitting diodes (OLEDs).1* One of the most ef- x
ficient approaches to rationally tune their physicochemical
features is doping with elements other than carbon, either

at the periphery of the molecule, or within the polyaromatic ) " 2] tox-5.ano R O x O R
system. The dopant atoms alter both the electronic proper- * N

ties, such as the MO energy levels, and molecular geometry.
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The latter factor is of paramount importance for Nitrogen
(N)-doped PAHs.1213 A centrally positioned N-heteroatom
surrounded solely by six-membered rings leads to various
planar or only slightly bent architectures, such as the car-
bonyl, dimethyl, O, and S bridged N-heterotriangulenes,
(Figure 1a, 1-4b).1#-17 Even though the latter examples
prove to be strong electron donors, their modest thermal
and morphological stability and high tendency towards -t
interactions impede their practical use.
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Figure 1. Chemical evolution of the N-doped PAHs



Non-planar species are formed when the N-dopant is par-
tially or entirely encircled by pentagons and heptagons.
Such structures have led to concave and bowl-shaped three-
dimensional arrangements,'?13 a feature which significantly
contributes to their photophysical properties.

In contrast to their planar analogs, relatively few examples
of m-extended N-embedded PAHs (selected examples are
shown in Figure 1b) have so far been reported as their prep-
aration typically requires tedious and multi-step syntheses.
Notably, seminal works on the pyrrole-embedded curved
PAHs were independently reported by Nozaki and Shi-
nokubo.'819 Consecutively, Wang and co-workers demon-
strated acridone (6,7)2°-22 and phenothiazine (8)23 contain-
ing PAHs, as suitable building blocks to ensure the desired
curvature for the construction of concave and boat-like con-
formations, respectively. Recently, the research group of
Gryko showed the utility of pyrrolo[3,2-b]pyrrole in form-
ing a bucky-bowl like system, with inverse Stone-Thrower-
Wales defects, first through "on surface"?4 and subsequently
"in solution"25 approaches (Figure 1b, 9). Despite the prom-
ising structural alignment of an electron-donating group
(D), exploration of curved N-PAHs as prospective optoelec-
tronic materials is limited by their relatively low emission
efficiency. The tailoring of their bandgaps and S-T through
modification of the periphery of the m-scaffold is the most
straightforward method to optimize these properties. How-
ever, this approach is complicated by the need to attach sol-
ubilizing groups in what are often the most reactive posi-
tions of N-PAHs, which prevents further synthetic transfor-
mations with electron-accepting species (A). In part for this
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reason, the rational design of nonplanar and thoroughly
conjugated N-PAHs with a D-A electronic structure that
compensates for the desired functions and synthetic availa-
bility has remained elusive.

The phenomenon of thermally activated delayed fluores-
cence (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 inter-
system crossing (rISC).26-2° The key issue in designing effi-
cient TADF emitters is the acceleration of a spin-forbidden
and endothermic rISC process (T1 —S1). D-A m-conjugated
systems with a sizeable D-A dihedral angle and vibrational
motion achieve this by minimizing the singlet-triplet en-
ergy gap (AEsr <0.2 eV) to lower the activation energy for
rISC and mixing excited CT and LE states to allow spin-flip
electronic transitions. Therefore, the development of TADF
active organic materials has so far relied on planar and
branched D-A species. A significant drawback of this archi-
tecture is that the radiative emission cross-sections are typ-
ically small. This effect adversely influences photolumines-
cence quantum yield (PLQY.). On the other hand, when
moderate AEsr (0.3-0.6€V) is identified, in competition with
TADF, photon emission through room-temperature phos-
phorescence (RTP)3? can occur. Consequently, the molecu-
lar design targeted strictly at TADF or RTP is fundamentally
important from the viewpoint of future applications in the
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Reagents and conditions: (i) Pd(OAc),, P(tBu);HBF,, NaOtBu, toluene; 89% (ii) [Pd(Pcy)s]Cl,, DBU, DMAc, MW, 77%; (iii) RuCls, NalO4, NMI,
THF/DCM/H,0, 37% or BSA o-dichlorobenzene, 685% (v) AcOH/EtOH, 1:1, 56-79%

Scheme 1 The synthetic path towards D-A arranged N-PAHs with an array of electronically diverse phenazines



domains of sensors, data encryption, and white-emitting
OLEDs (WOLEDs).3!

Herein, we report a concise and efficient synthetic strategy
towards a new type of 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 com-
pounds 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 system has only moderate to weak oscillator strength
(f) for HOMO-—LUMO transitions accompanied by a small
Asrenergy. In contrast, the strength of the acceptor contrib-
utes to the remarkable PLQY amplification (up to 86%) de-
termined for the most electron poor derivative. Thus, the
OLEDs fabricated with the developed N-PAHs as TADF/RTP
emitters can achieve an EQE as high as 12% along with sat-
isfactory operational stability and a low roll-off process

Results and discussion
Molecular design and synthesis

To induce curvature in a PAH system, we devised a molecu-
lar design strategy that allowed two pentagons and one
heptagon to be placed around a central nitrogen atom
(Scheme 1). The synthetic pathway starts from the
chemoselective Buchwald - Hartwig amination34 of com-
mercially available dibenz[bflazepine and 2,6-dichloro-1-
iodobenzene delivering amine 11 in excellent 89% yield.
Subsequent annulation of two 5-membered rings by micro-
wave-assisted direct arylation was achieved through modi-
fication of Siegel's conditions35 (only 5mol% of Pd-catalyst
was implemented) in which the dichlorinated precursor
was subjected to heating for 40 min to obtain compound 12
in 77% yield on a multigram scale. Inclusion of the unsatu-
rated seven-membered ring of azepine3? in this structure al-
lows for further oxidation to diketone 13. The first oxidative
approach we examined was that commonly used for the se-
lective oxidation of pyrene-embedded PAHs.3¢ Using this,
the synthesis of the key intermediate 13 was achieved with
an unsatisfying 37% yield. The use of benzeneseleninic acid
anhydride (BSA)37 proved significantly more effective, how-
ever, and the oxidation efficiency was raised to 65%. Such
diones are known to readily undergo acid-promoted con-
densation with various 1,2-aromatic diamines to yield m-ex-
tended phenazines. Accordingly, a series of 14 phenazine
derivatives (10a-10n) were created from appropriate dia-
mines to give curved N-PAH derivatives with a range of elec-
tron acceptor properties and points of further functionali-
zation.?? Each synthetic step was found to be readily scala-
ble, and three of them (see SI) could be performed without
chromatographic separation which increases the prospec-
tive 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 engineer-
ing, we anticipated that fine control of the optoelectronic
features of our N-PAHs could be achieved with a great em-
phasis on excited states and bandgap energies.

Single-Crystal X-ray Crystallographic Analyses.

Single crystals of 101 suitable for single crystal X-ray analy-
sis were obtained by slow evaporation of a dichloro-
methane/tetrahydrofuran solvent mixture at room temper-
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 concaved geometry. The distance of the cen-
tral 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 three N-C bond lengths (see Fig. S8, SI)
are in the range 1.36-1.38 A, whereas the two newly formed
C-C bond lengths are 1.48 A, similar to those of analogous
bonds in 6b and 7 (1.49 &).
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Figure 2. Crystal structure of 10l; a) view of the crystal
structure of 101 from 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

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 here. This finding can be
tracked with the m-orbital axis vector (POAV) angle (see Fig.
2b), that is a distinctive index for nonplanar compounds. In
this consideration, the nitrogen POAV angle for 101 (7.25°)
was evaluated as to those of 5a/b (~7.55°), 1819 while fewer
than for 6a/b, 7 and 9 (15°-16.4°).20-2225 Analogous devia-
tion was measured for inner carbon atoms (C2, C4, C16) that
occur in between 3.98°-5.25°. Interestingly, nearly all previ-
ously reported curved systems 20-22 stack in a concave-con-
vex manner assembled in the same direction thus promot-
ing undesirable m-m stacking (with the 3.17 A distance be-
tween two adjacent molecules evidenced for 7). Contrary to
this, the obtained solid-state structure favors a “head-to-
tail” antiperiplanar arrangement. As is shown in Fig 2c, ter-
tiary amines are localized as opposed to each other with the
almost parallel orientation of D-A units. This observation is
manifested by short distances of 4.02 A between nitrogen’s
electron-rich and -deficient atoms. The predominant ar-
rangement of neighboring molecules could favor the for-
mation of excitons, which is beneficial from the viewpoint
of photophysics and the further possible TADF/RTP OLED
applications.



Quantum chemical calculations

The optical properties of 10a-10n were first examined the-
oretically with the second-order algebraic diagrammatic
construction theory with spin-component scaling (SCS-
ADC(2)).383° For the sake of clarity, here we focus on 101 as
arepresentative example of this class of compounds. Calcu-
lation results for the other compounds are presented in the
Supporting Information.

The calculated vertical excitation energies and associated
oscillator strengths for 101 are given in Table 1. Accompa-
nying this data, in Figure 3 we show plots of natural transi-
tion orbitals (NTOs)#? for transitions from the ground state
into the two lowest singlets and the two lowest triplet ex-
cited states. According to our calculations, the lowest singlet
excited state (S1) of 101 is a mm*-type state with a vertical
excitation energy of 3.455 eV. Inspection of the predomi-
nant hole-particle NTO pair for the So—S1 transition (Figure
3a) shows that the S1 state has a partial charge-transfer
character that arises from the excitation of an electron from
a orbital that is distributed mainly on rings VI, VII, and VIII
into a * orbital that is localized on rings VII and VIII (see
Figure 3 for the ring numbering). This transition is charac-
terized by an appreciably large oscillator strength, consid-
erably 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
Si1 state.

Table 1. Vertical excitation energies (AE) and associated
oscillator strengths (f) of the representative compound 101
calculated at the SCS-ADC(2) level of theory. Calculations
were performed at the ground-state equilibrium geometry
optimized at the SCS-MP2 level.

State AE [eV] f
S1 (Amm*) 3.455 0.3540
Sz (Imm*) 3.522 0.0361
Sz (Imm*) 3.870 0.0100
S4 (Inm*) 4.061 0.0033
T1 (3nmt*) 2.984 0
T2 (3mtm*) 3.091 0
T3 (3ntm*) 3.398 0
T4 (3rim*) 3.419 0

The S1 state is closely followed by the Sz state with a vertical
excitation energy of 4.522 eV. The S state involves the exci-
tation of an electron from a m orbital localized on rings I1, I1],
IV, and V into a m* orbital localized on rings [, II, I, IV, and
V. The transition into the S: state displays a relatively low
oscillator strength. Unlike the S: state, the Sz state does not
exhibit a significant charge-transfer character. The Sz and S4
states, in turn, are energetically well-separated from the S:
and S: states, and display low oscillator strengths for tran-
sitions out of the ground state.

In the other compounds in the series 10a-10n, the elec-
tronic structures of the S1 and S states are qualitatively sim-
ilar as in 101. The exception is 10f, for which the ordering of

the lowest two singlet states is inverted: in 10f, the nearly
dark 1mmt* state lies vertically below the bright 1mn* state.

The lowest two triplet states (T1 and T2) are found at 2.984
eV and 3.091 eV, respectively. According to the NTO analy-
sis, both states exhibit pronounced multiconfigurational
character: that is to say, the So = T1 and the So — T2 transi-
tions both have significant contributions from two hole-par-
ticle NTO pairs. This is presumably because the T1 and T2
states are close in energy and interact strongly with one an-
other. We also located Ts and T4 states higher in energy, ca.
0.4 eV above the T state.

In all cases, the first triplet state was found lower in energy
than the first excited singlet state. However, the energy dif-
ference is rather small and yield on average 0.46 eV for the
entire set. The lowest difference was identified for com-
pound 10d (0.24 eV).
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Figure 3 Dominant NTOs for vertical transitions of 101 (SCS-
ADC(2)) plotted as isosurfaces with isovalues of £0.05 ao=3/2.
The eigenvalue (Ai) for each hole-particle NTO pair is given in
terms of a percentage contribution. The rings are numbered
with Roman numerals.

Photophysics

In the first step of optical measurements, the basic absorp-
tion and fluorescence spectra were collected to estimate the
influence of structure on excitation and emission properties
with respect to the electronic character of the acceptor (see



Figure 4). In all cases, we observed emission from the 'LE in
toluene, and from the !CT in more polar dichloromethane
(DCM) and tetrahydrofuran (THF). Interestingly, there is no
dramatic bathochromic shift related to the increase of po-
larity of the solvent. That could suggest mixed LE and !CT
character. The only significant shift was observed for the
compound 10d with the anthraquinone unit in DCM. As for
the structural influence, there is a significant bathochromic
shift of emission between 10a and 10b, related to the in-
crease of conjugation in the structure due to the additional
benzene ring. There is no significant influence by a methyl

group (10c, 101), but the replacement of the phenazine elec-
tron-accepting moiety with an 1-azaphenazine moiety
(10e) shifts the emission to lower energies (Figure 4). The
highest bathochromic shift was observed due to the addi-
tion of two nitrile groups (10f). The impact of the halogen
group is less impressive with the highest shift for double
bromine atom side groups (10i), which is two times
stronger than mono bromine substitution (10m). Similar
behavior was observed for fluorine side groups (10j, 10k),
Figure 4)).
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Figure 4. UV-vis absorption and PL spectra of 10a-n (c 10-5 M) diluted solutions in dichloromethane, tetrahydrofuran, and toluene

solvents.

As the next step, the synthesized compounds were investi-
gated in the solid-state to gauge their potential as the active
materials in organic light-emitting diode (OLED) structures.
Two matrices were chosen to avoid possible aggregation,
polymer Zeonex as the stage between solution and solid-
state and 4,4’-bis(N-carbazolyl)-1,1'-biphenyl (CBP) as the
host for OLEDs (Figure 5, Figure S2-S5, SI). For closer com-
parison we choose compounds 10b, d, f, g, h, m, which pre-
sent the most significant changes. It was noticed that the flu-
orescence emission (maximum peak) in the Zeonex matrix
is similar to that in solutions (Figure 5). Depending on the
substitution, thermally activated delayed fluorescence
(TADF), room-temperature phosphorescence (RTP), or
dual TADF & RTP were observed. Theoretically, to obtain ef-
ficient TADF emission, our compound should have as close
as possible singlet and triplet excited states. There are sev-
eral ways to estimate singlet and triplet excited states

including the onset of the respective emission or the max-
ima of the emissions. In our case, to allow for the compari-
son with theoretical calculations, we decide to use emission
maxima. The lowest AEsr gaps were observed for com-
pounds with an additional benzene ring (10b), thiophene
ring (10g) and double bromine substituents (10i) (Figure
53, d, Table 2). In the two compounds 10b and 10j, the low
AEsr gap was connected with the same effect like in solution
(an increase of conjugation, decrease the charge transfer
energy). The groups affect the 1CT energy state, where the
triplet localized energy state remains (3LE). In the case of
the derivative with thiophene unit (10g), it seems that the
group is affecting the triplet energy state, which is one of the
highest (Figure 5d). To prove, which actual emission pro-
cess is observed, the emission of the compounds at different
delayed times were collected and compared (Figure S3, SI).
Moreover, emission spectra were obtained at different



temperatures during the time-resolved photoluminescence
measurement to estimate the location of phosphorescence
and the point when thermal activation occurs. To decide if
the compound exhibits emission through the TADF or RTP
process, a comparison of ns range emission with at least ps
at 300 K and the phosphorescence emission is required. In
our case, compounds 10d,gh had pure TADF emission,
where delayed emission (80 ms, 300 K) matches the prompt
ns emission (Figure 5b,d,e). If we look closely at the transi-
ent curves and inset spectra, it can be noticed that at micro-
second delays, the spectra (Figure 5h,jk) shift slightly to
lower energies which is not so unusual in CT-based emitters
and explained by local interactions between the dipole mo-
ment of the host and the excited state dipole moment of the

TADF molecule.*! In the case of 10b,f we have mixed
TADF&RTP emission where RTP contribution is higher than
1% (Figure 5a,c) but if we would look closely how the emis-
sion change at different delay times (Figure 5g,i) we would
notice pure TADF emission at microsecond delay time
which is important for OLED devices. The phosphorescence
part starts to be visible above 1 ms delay time. From this set
of compounds, only 10m with a single bromine group had
pure RTP emission at 80 ms delay time (Figure 5f), never-
theless, again if the microsecond range is checked, only pure
TADF is observed which means in this case we have direct
shift between TADF and RTP processes rather than dual
emission (Figure 51).
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Figure 5. Time-Resolved Spectra of compounds 10b, d, f, g, h, m in Zeonex (a-f) and CBP (m-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 (g-1)) and CBP matrix (s-x).

Nonetheless, the most intriguing behavior was observed for
10d and 10f. Insightful analysis of the obtained data hints
at the appearance of an inversion of singlet and triplet en-
ergy states in both cases. In the case of 10d, it may not be so
obvious, but 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 de-
lay 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 AEsr=-0.25 eV (Figure 5b). A similar, 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 5c). It has to be noticed, however, that the ex-
perimental values are not in accordance with those ex-
tracted from ab-initio performed computations. The origin
of negative AEstr remains an open question and an addi-
tional, more targeted molecular design is indispensable to
clearly elucidate the observed phenomena. Nevertheless,
that is not all, in the case of 10d, as delayed emission, we
observe TADF but not from an S1 energy state, but rather a



higher one (Sz). Such experimental finding is consistent
with calculations (for more details see SI) made for com-
pound 10d as a significant f value ("bright" oscillator) for
the Sz state was determined.

In order to evaluate the potential of compounds 10a-10n
for application as materials for OLEDs, their photophysics
was also characterized in the CBP matrix (see Figure 5 and
Figures S4 and S5 in the Supporting Information). It turned
out that changing the host matrix from Zeonex to CBP has a
noticeable effect on their emission properties. Analyzing the
emission in the CBP matrix, different properties can be no-
ticed in comparison to Zeonex. Comparing emission at ms
delay time, compounds 10f and 10h show pure TADF emis-
sion (Figure 50,q), 10m shows mixed emission (Figure 5r)
and 10b,d,g have RTP (Figure 5m,n,p), which in all but 10h
is completely different than in the Zeonex matrix. The ma-
trix significantly affects 10d containing anthraquinone and
shifts it from mixed emission to RTP, but more interestingly,
in both cases (Zeonex and CBP), the emission from the low-
est state is not visible at longer delay times (Figure 5b,h,n,t).
That means rISC process is blocked from passing to the low-
est state but the excited state follows to a higher singlet
state (Zeonex) or stays on the lowest triplet energy state
(CBP). As for 10g, the pure TADF in Zeonex changes to pure

RTP in CBP (Figure 5j,v). If we look at the respective energy
levels (Table 2), for 10g, both singlet and triplet energies
are lowered, but the triplet state is more affected, increasing
the AEsr to 0.20 eV. This is enough for the TADF process to
be turned off and RTP promoted. The process in 10b is sim-
ilar in CBP and Zeonex in the way that, if we look at the emis-
sion spectra development over delay time (Figure 5g,s),
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. For compound 10b, the shift from TADF
to pure RTP is around 0.2 ms delay time (Figure 5s) where
in the Zeonex matrix dual emission is observed (Figure 5a).
For the other RTP emitters, 10d and 10g, the RTP is ob-
served already at ps delay times (Figure 5t,v), suggesting
that it should work as RTP emitters in OLEDs. Similarly, to
the Zeonex matrix, we could observe singlet-triplet inver-
sion in the same two compounds (10d and 10f), but the re-
sulting effect is the opposite. In the case of 10d in Zeonex,
we observe TADF character, where in CBP, the emission
shift to RTP (Figure 5h,t). In the 10f, where in Zeonex we
had dual TADF/RTP emission, in CBP, we observe pure
TADF even at longest delay times (Figure 5i,u). For all com-
pounds which had AEsr in Zeonex close to 0, the gap signifi-
cantly rose by at least 0.15 eV in CBP matrix
(Table 2).

Table 2. Summary of the general photophysical properties of the compounds.

Y] Aem, Host PLQY TP, ToF, Teh, DF/PFe S1 Ty, AEst,
nm? (%)° nst us¢ ms¢ e eV eve

10a 493 Zeonex 10.3 3.89+0.15 10.81+0.94  1.80+0.10 1.01 2.51 2.23 0.28
502 CBP 17.4 5.14+0.19 3.55+0.34 - 0.20 2.47 2.20 0.26

536 Zeonex 35.8 5.22+0.37 1.82+0.12 9.23+0.83 21.49 231 2.31 0.00

10b 519 CBP 44.8 7.82+0.25 3.52+0.38 1.21+0.18 0.14 2.38 2.24 0.15
10¢ 497 Zeonex 8.4 4.9610.23 2.47+0.12 5.97+0.57 2.80 2.50 2.20 0.30
505 CBP 16.1 3.87+0.18 1.63+0.16 - 0.20 2.45 2.17 0.28

10d 497 Zeonex 1.7 3.04+0.04 7.43+0.65 - 0.46 2.10 2.35 -0.25
456 CBP 16.2 15.68+0.91 2.42+0.30 - 0.43 1.97 2.36 -0.39

10e 519 Zeonex 36.4 6.95+0.38 4.30+0.49 - 8.17 2.39 2.17 0.22
519 CBP 37.0 5.32+0.17 1.58+0.20 - 0.37 2.33 2.04 0.29

10f 555 Zeonex 6.2 25.42+1.12 0.94+0.06 - 0.35 2.23 2.57 -0.34
617 CBP 86.4 23.74+1.14 1.00+0.09 - 1.89 2.01 2.36 -0.35

490 Zeonex 2.0 4.73+0.38 0.96+0.08 - 0.38 2.53 2.55 -0.02

10g 511 CBP 29.3 7.80+0.17 0.58+0.02 0.72+0.07 0.18 2.43 2.22 0.20
10h 513 Zeonex 49.5 8.22+0.88 3.99+0.41 - 3.90 2.42 2.17 0.25
507 CBP 36.7 9.41+0.24 1.60+0.11 - 5.30 2.44 2.15 0.29

10i 536 Zeonex 0.4 8.26+0.25 1.0310.12 1.60+0.04 14.40 2.31 2.34 -0.03
517 CBP 9.2 7.42+0.18 1.22+0.08 - 10.02 2.40 2.27 0.12

10j 525 Zeonex 18.1 10.0210.42 2.78+0.37 - 3.05 2.36 2.07 0.29
500 CBP 19.1 5.35+0.14 12.98+0.92 - 0.32 2.48 2.24 0.24

511 Zeonex 16.7 7.74+0.75 1.20+0.13 - 3.06 2.42 2.13 0.29

10k 508 CBP 18.9 5.83+0.21 1.7510.18 - 0.94 2.44 2.19 0.25
101 495 Zeonex 12.4 3.10+0.13 0.66+0.05 6.70+0.73 4.36 2.50 2.18 0.32
500 CBP 16.2 7.57+0.09 1.31+0.11 - 2.07 2.48 2.21 0.27

10m 512 Zeonex 1.0 3.07+0.31 1.58+0.14 3.12+0.23 0.73 2.42 2.11 0.31
503 CBP 17.4 5.57+0.36 0.79+0.08 - 65.43 2.46 2.09 0.37

546 Zeonex 2.1 4.050.02 1.98+0.18 - 13.14 2.12 2.04 0.08

10n 532 CBP 29.6 1.03+0.08 0.86+0.06 - 62.10 2.33 2.06 0.26

2 Photoluminescence maximum; ° Photoluminescence quantum yield; ¢ Prompt fluorescence lifetime in the host; @ Delayed emission lifetime in the host; © Delayed fluorescence
(DF) to prompt fluorescence (PF) ratio in the host; f Singlet and triplet energy in host. Error + 0.03 eV; &Singlet-triplet energy splitting in Zeonex. Error + 0.05 eV.



For the others, the change in the gap was much smaller and
in the range of 0.05 eV to lower values. One of the most im-
portant factors describing the TADF impact on the final de-
vice is the DF/PF ratio, this factor tells us how much the tri-
plet state contributes to the final emission. As it was stated
by Dias et al.#! above 3 give us 100% use of generated tri-
plets. In the Zeonex matrix, the 10b compound showed the
highest DF/PF (21.49, Table 2), nevertheless, above the
threshold are also 10e,h,i,j,k,1,n, which show the high im-
pact of nitrogen insertion and halogen group to the rISC
process. Unfortunately, in all cases but four (10f,h,m,n), we
observe a decrease in the DF/PF ratio in the CBP matrix. In
three (10h,m,n), the ratio is still above the threshold, and
two (10f]1) at high value ca. 2. As for the RTP emitters
(10d,g), in both cases, the overall RTP emission is much
smaller than the fluorescence (0.43 and 0.18), (Table 2).

Fabrication and characterization of OLEDs devices

As the final stage, the OLED devices were fabricated and
characterized (Figure 6). The behavior of the emitters in the
CBP host was evaluated. The HOMO-LUMO values obtained
from electrochemical measurement was used to evaluate
the possible OLED device structures. The optimal device
structure for the emitters was used in configuration: De-
vices 10a-n -ITO/NPB [N,N’-di(1-naphthyl)-N,N’-diphenyl-
(1,1’-biphenyl)-4,4’-diamine] (40 nm)/TSBPA [4,4’-(di-
phenylsilanediyl)bis(N,N-diphenylaniline)] (10 nm)/10%

of 10a-nin 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 6). All the devices fabricated with the
emitters except for 10d,g 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 6b,e). The device based on emitter 10h
with the trifluoromethyl group was found to be the most ef-
ficient with external quantum efficiency around 12%
(Figure 6b). Also, about 10% EQE was obtained for the de-
vice based on emitter 10f with double nitrile groups and
singlet-triplet inversion effect. The highest RTP based OLED
was obtained for devices based on emitter 10g with thio-
phene unit, up to 3%. The highest luminance was obtained
for the OLED based on emitter 10f, with up to 24,680 cd/m?,
whereas for the RTP based OLED (10g), up to 10,250 cd/m?
was recorded (Figure 6c). 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, 10b). The
insertion of the nitrogen group resulted in doubling of EQE
(10a, 10e) and quadrupling with the addition of a bromine
group (10a, 10n). Pure halogen groups had only a limited
impact on the increase of the overall efficiency (lower than
2x).
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Figure 6. The characteristics of the OLED devices based on emitters 10a-n. a), d) Current density-bias characteristics. b), e) EQE-
current density characteristics. c), f) EQE - luminance characteristics.



Conclusions

We have successfully synthesized a large family of unique,
phenazine terminated aza-bowled polycyclic aromatic hy-
drocarbons which were identified as an interesting group of
novel emitters. These display a curvature that was unam-
biguously confirmed by X-ray crystallographic analysis
which also revealed desirable intermolecular D---A interac-
tions. Further examination of physicochemical properties,
in conjunction with quantum calculations, highlighted the
effect the phenazine side group has on the emission proper-
ties. Through modulation of the strength of this phenazine
acceptor, excellent photoluminescence quantum yields (up
to 86%) could be achieved in addition to a controlled
change between thermally activated delayed fluorescence
(TADF) or room-temperature phosphorescence (RTP). The
N-PAHs were incorporated into OLEDs and the largest out-
put among all fabricated devices was from the emitter con-
taining a dinitrile terminated species, resulting in a very
high efficiency (>11%) and a very efficient TADF process.
These studies provided a new, conceptually simple, and
synthetically affordable, route towards D-A curved N-PAHs
systems with excellent optoelectronic properties which
were utilized as functional materials. The strategy estab-
lished here opens an avenue for tuning the photo and redox
properties of non-planar N-PAHs through rational vertical
and/or horizontal synthetic modifications. This approach
could also potentially lead to compounds which exhibit sin-
glet-triplet inversion, which is an ongoing field of research
in our laboratory.
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