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ABSTRACT. The relentless pursuit of high-performance organic light-emitting diodes (OLEDs)
necessitates the exploration of novel materials with efficient light emission. Herein, we report
donor—acceptor—donor (D—A-D) compounds, incorporating dibenzo[a,j]phenazine (DBPHZ) as
the acceptor (A) and phenazaborine (PAzB) derivatives as the donors (D), embedded in various
hosts, and investigate their impact on emission mechanisms. This study examines the effect of
strategic fluorination of the trivalent boron center on the performance of the D—-A—D compounds
as solid-state emitters. The incorporation of fluoride into the D—A—D compounds within the
matrix films resulted in a red shift in photoluminescence (PL) emission. Additionally, we
evaluated the influence of fluoride addition on the delayed emission characteristics of the D—-A—
D containing films. This solid-state modulation technique demonstrated potential applicability to
OLEDs. Quantum chemical calculations elucidated how fluoride incorporation alters the
photophysical properties of the compounds by modifying the electronic characteristics of the

excited states.

INTRODUCTION.

Thermally activated delayed fluorescence (TADF) is a fundamental photophysical phenomenon
characterized by exciton dynamics involving reverse intersystem crossing (rISC) from an
energetically proximate triplet excited state (Tn) to a singlet excited state (Si), followed by
radiative decay from Si, resulting in delayed emission on the microsecond timescale.! To
facilitate the inherently spin-forbidden rISC process and enhance TADF, a small singlet-triplet

energy gap (AEst < ca. 0.3 V) and substantial spin-orbit coupling (SOC) are essential. >3



TADF-active organic compounds, which can efficiently harvest both singlet and triplet
excitons to produce light without the incorporation of heavy atom elements, have emerged over
the past decade as the third generation of emissive materials for high-efficiency organic light-
emitting diodes (OLEDs).*® Recently, TADF-active organic compounds have expanded their
utility to diverse applications such as oxygen sensors,” time-resolved bio-imaging probes,® and
scintillators.” Moreover, integrating TADF function with other photonic properties within a
single molecular scaffold paves the way for novel applications beyond traditional optoelectronic
and biological technologies.!® Consequently, the development of new TADF-active organic

compounds and the exploration of their functional aspects is of fundamental importance.

Triarylborane (TAB) compounds have garnered significant attention as photo- and
electro-active functional organic materials, owing to their Lewis acidity, which stems from a
vacant p-orbital, and their expanded m-electron systems.!'!!? Specifically, fluoride sensors based
on the TAB scaffold have been extensively studied, leveraging the Lewis acidity of the trivalent
boron center and the thermodynamically favorable formation of strong B-F bonds.!* However,
most reported TAB-based fluoride sensors exhibit colorimetric and fluorometric blue-shifts or
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emission turn-off, due to molecular design principles that disrupt m-conjugation or suppress

intramolecular charge-transfer (CT).!®

Recently, we successfully developed TAB compounds (1-Mes and 1-Tipp, Figure 1a)
that display colorimetric and fluorometric red-shifts upon fluoride coordination.!” These TAB
compounds consist of two phenazaborine (PAzB) units orthogonally connected to a
dibenzo[a,j]phenazine (DBPHZ) core.!® The ambipolar structure of PAzB allows it to function

both as a Lewis acid and an electron donor,!” facilitating a red-shift in absorption and PL upon



fluoride coordination to the trivalent boron center by enhancing ICT from PAzB to the more

electron-deficient DBPHZ unit (Figure 1b).

Concerning the relationship between PAzB structure and TADF, PAzBs have emerged as
multi-resonance TADF emitters, due to their bipolar electronic configuration.!”?! In our
previous study, we primarily focused on anion-responsive photophysical changes in diluted
solutions, preliminarily identifying emission red-shifts through ICT enhancement in a polymer
matrix via the formation of fluoroborates. Given that compounds 1-Mes and 1-Tipp possess a
DBPHZ-cored D-A-D structure, which is promising for manifesting TADF functions,?** we
hypothesized that these compounds could exhibit TADF in condensed states such as polymer-

doped films.

Herein, we disclose the investigation of the TADF behavior of 1-Mes and 1-Tipp in
matrix films, both in the absence and presence of fluoride. Furthermore, OLED devices utilizing
these compounds as emitter were fabricated, and their performances were assessed to elucidate
the effect of fluoride addition on TADF properties. Theoretical calculations revealed that
fluorination of the boron center of the compounds induces significant changes in their
photophysical mechanisms, resulting in double emission (fluorescence and RTP) that leads to
delayed emission. This phenomenon is ascribed to the alternation in the electronic character of

the lower-lying singlet and triplet states, which acquire a much stronger CT character.
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Figure 1. (a) Chemical structure of 1-Mes and 1-Tipp. (b) Illustrative principle of colorimetric

and fluorometric red-shift of DBPHZ-cored phenazaborine compounds.

EXPERIMENTAL PROCEDURES

Materials. The compounds 1-Mes and 1-Tipp investigated in this study were prepared and
characterized in our previous publication,!” and the same batches of these compounds were used

in the present research.

Photophysical analysis. The emissive properties of the entire set of dyes were analyzed in non-

polar Zeonex® and polar 4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP) host matrices.

Films containing 1-Mes and 1-Tipp in the Zeonex® matrix were prepared using toluene

solvents, where the compounds and Zeonex® were initially dissolved. Subsequently, the



solutions were mixed to obtain a specific concentration of the compound in the Zeonex® matrix
(e.g., 1%), then then spin-coated at 2000 RPM onto sapphire substrates to form uniform layers.
Samples in the CBP matrix were prepared in a chloroform/chlorobenzene (95:5 v/v) solution and

spin-coated at 3000 RPM onto sapphire substrates to form uniform layers.

1-Mes+F and 1-Tipp+F in the Zeonex® matrix were prepared using toluene/THF
solvents. Initially, the compound (1-Mes and 1-Tipp) dissolved in toluene was mixed witha 1 M
tetra(n-butyl)ammonium fluoride (TBAF) THF solution, while Zeonex® was dissolved in toluene
to obtain a concentration of 200 mg/mL. In the next step, the solutions were combined to obtain
a 1% concentration of the emitter in the Zeonex® matrix. The resulting mixture was then spin-
coated at 2000 RPM onto sapphire substrates to form uniform layers. Samples in the CBP matrix
were prepared similarly using toluene to obtain a 10% concentration of the emitter, and were

spin-coated at 3000 RPM onto sapphire substrates to form uniform layers.

Phosphorescence, prompt fluorescence (PF), and delayed fluorescence (DF) spectra and
decays were recorded using nanosecond-gated luminescence and lifetime measurements, ranging
from 400 ps to 1 s. These measurements were performed with the third harmonics of a high-
energy pulsed DPSS laser emitting at 355 nm (Q-Spark A50-TH-RE). Emission was focused
onto a spectrograph and detected using a sensitive gated iCCD camera (Stanford Computer
Optics) with sub-nanosecond resolution. PF/DF time-resolved measurements were conducted by
exponentially increasing the gate and integration times. Temperature-dependent experiments

were carried out using a helium cryostat (Janis Research) under vacuum conditions.

Fabrication of OLED Devices and Evaluation of the Performances. The solution-processed

OLEDs were fabricated using the spin-coating method with a 10% (w/w) concentration of the



emitters in the CBP host. The device configuration was as follows: ITO/poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS-Clevios) (40 nm)/ emitter + CBP
(30 nm)/TPBi [2,2°,2”-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)] (50 nm)/LiF (1
nm)/Al (100 nm), with the last three layers deposited by evaporation. PEDOT:PSS was spin-
coated after filtering at 3000 RPM for 45 s, resulting in 40 nm layers, and then annealed at
120 °C for 15 minutes. Emitters 1-Mes and 1-Tipp were spin-coated from a
chloroform/chlorobenzene (95:5 v/v) solution at 3000 RPM for 45 s without annealing. Emitters
1-Mes+F + 1-Tipp+F were spin-coated from a toluene/THF (50:50, v/v) solution under the same
conditions. The samples were then transferred to a vacuum chamber for the deposition of the
remaining layers. All small molecules and cathode layers were thermally evaporated in a Kurt J.
Lesker Spectros evaporation system under a pressure of 10~ mbar without breaking the vacuum.
Pixel sizes were 4 mm?, 8 mm?, and 16 mm?. Each emitting layer was formed by multiple
depositions of the TADF emitter, assistant dopant, and host at specific rates to obtain the desired
material composition. The device characteristics were recorded using a 6-inch integrating sphere
(Labsphere) inside a glovebox connected to a Source Meter Unit and an Ocean Optics USB4000

spectrometer.

Quantum Chemical Calculations. Calculations were performed with density functional theory
(DFT) using a non-empirically tuned LC-oPBE functional and the 6-31G(d,p) basis set. Excited
state calculations made use of the Tamm-Dancoff approximation.?> Perturbative state-specific
solvation corrections are applied to account for dielectric effects on the energies.?® Optical
spectra and photophysical transition rate constants were computed using the nuclear ensemble

method as implemented in the NEMO software,?”?® interfaced with QChem 6.0.% Ensembles of



500 geometries at 300 K were used in all cases. The calculated rate constants were used in a

kinetic model?” to simulate the populations of excited states and emission intensity decay profiles.
pop y yp

RESULTS AND DISCUSSION

The photophysical properties of these samples were thoroughly characterized using PL
spectroscopy to determine emission wavelengths and analyze the singlet and triplet excited states.
Time-resolved spectroscopy was employed to investigate delayed fluorescence mechanisms,
including RTP and triplet-triplet annihilation (TTA). The emission spectra of the emitters
revealed a pronounced bathochromic shift (red-shift) upon the addition of fluoride to both 1-Mes
and 1-Tipp in both Zeonex® and CBP hosts (Figure 2 and 3). This shift indicates a decrease in
the energy of the S; state due to the stabilization of the CT excited state by the coordination of
fluoride to the trivalent boron center. This observations are consistent with theoretical

predictions for fluoroborate organic molecules (vide infra).

Emission Properties in Zeonex Matrix

For neutral-state emitters in the Zeonex® matrix, the emission wavelengths maxima were
recorded at 449 nm for 1-Mes and 445 nm for 1-Tipp, corresponding to the lowest singlet
excited states with CT character (!CT), showing no significant impact from the aryl substituent
(Mes vs. Tipp) on the donor (Figure 2a and 3a). The lowest triplet excited states for both samples
were observed at 2.31 eV, indicating no significant impact from the donor moiety and suggesting
that the triplet state is localized (’LE) on the DBPHZ acceptor unit (Figure 2a and 3a). The
moderately large singlet-triplet gap for both samples resulted in mixed TTA and RTP emissions

(Figure 2a, 3a. and Figure S1). Quantum chemical calculations of 1-Mes in Zeonex® (&=2.35,



n=1.53) predict fluorescence from a localized S; state with a peak at approximately 2.68 eV
(463 nm) and a low emission rate (kr = 8 = 1x10° s7!), which contrasts with the experimental
observation of fluorescence in the ns time scale (Table 1). However, in the S; state, the ensemble
has a mixed CT/LE character with an emission peak at 2.92 eV (425 nm) and a larger
fluorescence rate (kr = 1.52 + 0.09x10% s7!), aligning more closely with experimental results
(Figure S2). The overlap of both emission spectra suggests a reordering of states due to stronger
stabilization of the CT states in polar environments (Figure S3), effectively making it lower in
energy than the calculated S;. The T; emission peak of 1-Mes is predicted at 1.98 eV (626 nm)
and is localized on the acceptor unit (Figure S4). For 1-Mes, rISC processes to S; and S; in
Zeonex® have average gaps of 0.291 eV and 0.480 eV, respectively, with average SOC of 0.107
meV and 0.002 meV. This combination results in very low rISC rates, making phosphorescence
the more efficient radiative deactivation mechanism for triplets in 1-Mes (k,= 1.3 £ 0.1x10% s7}).
Formation of fluoroborate of 1-Mes and 1-Tipp resulted in significant red shifts in the
emission wavelengths in the Zeonex® host, with 1-Mes+F emitting at 596 nm and 1-Tipp+F at
565 nm. This was accompanied by a decrease in the !CT energy of the singlet excited state
(Figure 2e and 3e). Additionally, the lowest triplet excited states were observed to drop to 1.87
eV for 1-Mes+F and 1.95 eV for 1-Tipp+F (Figure 2¢ and 3e). This reduction in energy was
accompanied by a narrowing of the singlet-triplet energy gaps to 0.21 eV for 1-Mes+F and 0.23
eV for 1-Tipp+F, facilitating the rISC process with TADF emission and additional RTP
emissions at longer delay times (Figure 2e, 3e, and Table 1). These observations are consistent
with theoretical calculations, which show that for 1-Mes-2F in Zeonex®, S; emission has clear
CT character and peaks at 1.85 eV (671 nm) with less efficient fluorescence (kr = 8.1 + 0.8x10°

s71) compared to 1-Mes (Figure S3). Calculations also predict a lowering of the T; state, with the



emission peak shifting to 1.60 eV (773 nm) (Figure S4). This new arrangement results in a much
more efficient rISC process (kusc = 7 + 5x10% s71), with a near-zero average gap and significantly
stronger average SOC (1.149 meV) due to the formation of fluoroborate. The reduction in the

singlet-triplet gap also leads to high ISC rates (kisc = 1.8 £ 0.2x108 s71).
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Figure 2. Time-resolved PL spectra (a, c, e, and g) and decay profiles (intensity vs. delay time)
(b, d, f, h) of 1-Mes and 1-Mes+F in Zeonex® and CBP. The energies correspond to the

maximum emission peaks.

Emission Properties in CBP Matrix

In the CBP matrix, the emission properties exhibited distinct characteristics. For neutral emitters
1-Mes and 1-Tipp, the emission wavelengths were recorded at 504 nm and 477 nm, respectively
(Figure 2¢ and 3c). These emissions correspond to lower !CT singlet excited state energies

compared to those in the Zeonex® matrix. The lowest triplet excited states were observed at 2.19
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eV for 1-Mes and 2.25 eV for 1-Tipp in the CBP matrix (Figure 2c and 3c¢). Fluoride addition to
these emitters caused further red shifts in the emission wavelengths, with 1-Mes+F emitting at
649 nm and 1-Tipp+F at 605 nm. The triplet excited state energies decreased to 1.75 eV for 1-
Mes+F and 1.88 eV for 1-Tipp+F (Figure 2g and 3g). The singlet-triplet energy gaps for these
fluoroborates were 0.16 eV (1-Mes+F) and 0.17 eV (1-Tipp+F). The lower singlet-triplet
splitting resulted in more dominant TADF emission, along with a visible small RTP band at
longer delay times (Figure 2g, 2h, 3g, 3h, and Table 1). However, there was also a significant
reduction in the delayed emission contribution (DE/PF, Table 1), likely due to aggregation
process. Calculations on 1-Mes in a CBP matrix (&=3.5, n=1.79) confirm a red shift in the
fluorescence peak (Figure S5) of the relevant singlet state (Sz in our calculations) to 2.87 eV (431
nm, k=1.8 + 0.1x10% s7!), but they underestimate the degree of red-shift due to insufficient
participation of CT states in the ensemble. The phosphorescence peak, however, remains nearly
unchanged at 1.99 eV (624 nm, k,=1.7 + 0.1x10? s!) due to the localized character of the triplet
state (Figure S6). Calculations also indicate that rISC remains inaccessible for 1-Mes in CBP due
to the high average gap (> 0.3 eV). If the medium polarity is further increased (&=7.0, n=1.4),
rISC from T to S, can outcompete phosphorescence (knsc=4 + 3x103 s vs k;=6.3 £ 0.6x10! s71)
due to more intense stabilization of Sy states with CT character in the ensemble, making delayed
fluorescence possible. Importantly, calculations account for dielectric effects but not solid-state
ones, making comparisons with experimental results less straightforward.

Upon fluoride addition, calculations for 1-Mes-2F predict a fluorescence peak at 1.72 eV (721
nm, Figure S5) and phosphorescence peak at 1.53 eV (808 nm, Figure S6), with rates of k=7.4 +

0.8x10% s7! and ky=6 + 3x10% s7!. The red shift indicates the CT character of both S; and T states.
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Both ISC and rISC rates remain high (kisc=1.0 = 0.1x10% s7!, kusc=6 + 4x10® s7!) due to near-
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Figure 3. Time-resolved PL spectra (a, c, e, g) and decay profiles (intensity vs. delay time) (b, d,

f, h) of 1-Tipp and 1-Tipp+F in Zeonex® and CBP. The energies correspond to the maximum

emission peaks.
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Figure 4. Energy level diagrams depicting the predicted photophysics of a) 1-Mes and b) 1-Mes-
2F in Zeonex®. Natural transition orbitals (NTOs) of the most emissive geometries found in each

molecule’s ensembles are presented.

Delayed Emissions and Mechanisms

In the Zeonex® matrix, the neutral emitters 1-Mes and 1-Tipp exhibited substantial singlet-triplet
energy gaps of 0.45 eV and 0.47 eV, respectively (Table 1), resulting in dual RTP and TTA
delayed fluorescence emissions. TTA emission was observed at microsecond and millisecond
delay timescales, with the rise of RTP at millisecond times indicating the presence of both TTA
and RTP processes (Figure 2a and 3a). This resulted in significant DE/PF ratios of 2.0 and 3.4,
respectively (Table 1). A kinetic model using rates computed from quantum chemical
calculations predicts a biexponential decay with a prompt lifetime of 2.78 ns and a delayed
lifetime of 5.76 ms, in agreement with the interpretation of prompt fluorescence followed by

long-lived RTP (Figure S6). Emission on the microsecond timescale is not predicted, suggesting

13



that its experimental observation may be due to bimolecular phenomena not included in the
model (Figure S7). Figure 4a illustrates the predicted photophysical mechanism for 1-Mes in a
Zeonex® film according to quantum chemical calculations.

In contrast, the fluorinated samples exhibited lower singlet-triplet energy gaps, resulting
in TADF contributions rather than TTA, but still large enough to observe additional RTP
emissions at millisecond delay times (Figure 2e and 3e). This behavior highlights the significant
impact of formation of fluoroborate in reducing the singlet-triplet energy gap and activating the
TADF process. Simulation results corroborate this, indicating two main emission components
both stemming from fluorescence (Figure S8), signifying the TADF mechanism’s contribution to
the PL spectrum. However, simulated lifetimes are shorter than their experimental counterparts
(0.8 ns and 0.14 ps), pointing to an overestimation of the ISC and rISC rates. These
discrepancies can arise from inaccuracies in the electronic structure methods and unaccounted
solid-state effects in the simulations. Figure 4b shows the photophysical mechanism of 1-Mes-
2F as predicted by quantum chemical calculations.

In the CBP matrix, the neutral emitters 1-Mes and 1-Tipp displayed lower singlet-triplet
energy gaps compared to those in Zeonex®, leading to TADF emission. However, a RTP band
was still observed at longer delay times in 1-Mes, and mixed TTA/TADF and RTP emissions
were seen for 1-Tipp (Figure 2c¢ and 3c). Fluorinated compounds 1-Mes+F and 1-Tipp+F in
CBP showed further reduced singlet-triplet energy gaps, resulting in TADF emissions (Figure 2g
and 3g), but also significant reductions in the DE/PF ratio (Table 1). Simulations performed for
1-Mes in CBP show the same qualitative behavior as described for Zeonex® (Figures S9 and
S10).

Table 1. Summary of the general photophysical properties obtained from time-resolved spectra.
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Compound S IZ}SY P DFs RIP DE/PE! St Ty, \Afst,
nm? 0 ns° usd ms® eVe |eVe [eVh
1-Mes 449 Zeonex |24.4 g;‘i ;05?3i (l)(l)zi 2.00 |2.76 |2.31 |0.45
SS9+ 1221+
1-Mes 504 CBP 28.7 ggi 500 - 6.64 2.46 |2.19 |0.27
1-Mes+F  |596 Zeonex (9.2 3i;i 140§5i - 0.24 2.08 |1.87 |0.21
1-Mes+F  |649 CBP 8.4 ﬁégi 102;8i - 0.95 1.91 |1.75 |0.16
1-Tipp 446 Zeonex |15.3 gigi 1:14;4i (I)Zji 3.34  |2.78 (2.31 |0.47
1-Tipp  [478 |cBP  |125 g:iéi ;227311 éiii 460  [2.59 [2.25 |0.35
I-Tipp+F |566  |Zeonex |5.1 3Z;i ;Z?H éfzi 122 [2.19 |1.96 [0.24
1-Tipp+F [606  |CBP  [3.1 gggi 12012311 - 09 [2.05|1.88 [0.17

*The maximum wavelength of photoluminescence spectra; ®Photoluminescence quantum yield in
host under vacuum; °prompt fluorescence (PF) lifetime; Ydelayed fluorescence (DF) lifetime;
°room temperature phosphorescence (RTP) lifetime; ‘ratio of delayed emission (DF & RTP) to
prompt fluorescence (PF); &singlet and triplet energy (error + 0.03 eV); "energy splitting (error =

0.05 eV); All parameters estimated at 300 K.

The OLED devices were evaluated for their current density-voltage (J-V) characteristics,
electroluminescence (EL) spectra, and external quantum efficiency (EQE) (Figure 5). The J-V
measurements revealed non-linear current-voltage relationships, indicating efficient charge
injection and transport. The EL spectra exhibited characteristic emission peaks corresponding to
the TADF emitter and assistant dopant. Devices based on unfluorinated 1-Mes (Sample A)
achieved a maximum EQE of approximately 7.8%, while both fluorinated derivatives exhibited

similar efficiencies around 2.3% (Figure 5c). The highest luminance was observed for the 1-
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Mes-based device (Sample A) at 15,000 cd/m?. The EQE-luminance characteristics indicated an

initial increase in EQE with increasing luminance, followed by a decrease at higher luminance

levels due to competition between radiative and non-radiative recombination processes.
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Figure 5. The characteristics of the OLED devices. Electroluminescence spectra (a). Current

density-bias characteristic (b). EQE — current density (¢). EQE - luminance characteristics (d).

CONCLUSIONS

The comparative analysis of TADF, TTA, and RTP highlights the diverse strategies available for

enhancing OLED efficiency. TADF offers high efficiency through effective triplet harvesting,
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TTA provides a simpler approach to utilizing triplets, and RTP enables unique emission
properties. Tailoring organic emitters by optimizing molecular design, host-guest systems, and
device architecture is crucial for advancing OLED technology and achieving highly efficient,
stable, and versatile light-emitting devices. The findings from this study on phenazaborine-based
compounds demonstrate the potential of strategic molecular modifications and host matrix
selection in developing next-generation OLED materials. Fluorination of phenazaborine emitters

signigicantly reduces the A Esr, thereby, promoting TADF. However, the fabricated OLEDs

with fluorinated emitters exhibited lower EQE compared to their non-fluorinated counterparts.
This work identified potential efficiency bottlenecks, including Forster energy transfer,
aggregation, and suboptimal device architecture. We have outlined promising pathways for
improvement, such as developing non-doped devices, incorporating spacer groups, optimizing
device architecture, exploring alternative materials, and employing computational modeling tools.
By addressing these challenges, fluorinated phenazaborines hold immense potential for
achieving high-performance TADF-OLEDs, paving the way for next-generation displays with

superior efficiency.
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