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ABSTRACT: A series of donor—acceptor (D—A) compounds consisting of phenoxathiin, (~
phenothiazine, or dimethylacridan electron donating moieties and a benzophenone electron
accepting core are designed and synthesized via the Suzuki or Buchwald—Hartwig cross- R O
coupling reaction. By varying the donor units, as well as by introducing heavy bromine atoms > ‘
into the molecular structure, the impact of nature of the donor moieties on the thermal,
electrochemical, and photophysical properties of the benzophenones is studied by theoretical @C
and experimental means. The compounds containing two donor units exhibit higher glass
transition temperatures than monosubstituted benzophenones. For molecularly doped
polymeric matrices containing 1 wt % of the derivatives with only phenoxathiin units and
bromine atoms in their structures, room-temperature phosphorescence is observed.
Meanwhile, asymmetric compounds that have phenothiazine or dimethylacridan donor | | Ml
units show thermally activated delayed fluorescence when doped in a polymeric matrix. The | " fmems ) " tmems J
polymer molecularly doped with 4-phenoxathiin-4-yl-benzophenone exhibits high sensitivity

to oxygen reaching up to 1.8 X 107> ppm™". 4-(9,9-Dimethylacridan-10-yl)-4'-(phenoxathiin-4-yl)benzophenone exhibits high hole
and electron drift mobilities of 6.9 X 10™* cm?/(V s) and 7.8 X 10™* cm?/(V s), respectively at the electric field of 5.14 X 10° V/cm.
It also shows good performance in the emissive layer of the organic light emitting diode characterized by an external quantum
efficiency of 17%. This work signifies the importance of the rational design of derivatives of phenoxathiin and benzophenone as
emitters for the effective utilization of triplet energy in optical and optoelectronic applications.
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1. INTRODUCTION utilization of triplet excited energy in emission were discovered
including thermally activated delayed fluorescence (TADEF),
electrophosphorescence (PhOLEDs), hybridized local charge
transfer states, hot exciton mechanism, triplet—triplet annihi-
lation, room temperature phosphorescence (RTP), hyper-
fluorescence, multiresonant TADF, etc.”® TADF is an
emission of triplet excitons upconverted to the singlet excited
states via reverse intersystem crossing (RISC) due to molecular
motions induced by thermal energy.’ The phenomenon
requires a small difference in energy levels between the first
singlet and triplet excited states, which can be achieved for fully
organic emitters. Consequently, TADF is an ecofriendly
approach for the fabrication of OLEDs in contrast to
electrophosphorescence. The small singlet—triplet energy
splitting requires minimal overlap of wave functions of the

molecular orbitals involved in the emissive process.” It can be

Tuning of the molecular structures of organic emitters provides
unique advantages of the exploitation of triplet excitons in
photonics and optoelectronics. In the case of excitation by
electricity, holes and electrons injected into thin films of
organic semiconductors form degenerate polaron pairs due to
Coulomb interactions. Then, the purely statistical probability
determines the singlet and triplet states of the pairs. The
continuous localization of the polaron pairs results in the
formation of singlet and triplet Frenkel excitons in the ratio
one 1 to 3 in optoelectronic devices." This distribution of
singlet and triplet excitons reflects four possible combinations
of the orientation of spin angular momentums of an electron—
hole pair. Contrary, the excitons formed by photoexcitation are
initially singlet, as the respective states of the electron—hole
pairs are systematic and not statistical in nature. Upon optical
pumping, the triplet excited states of organic luminophores are
populated through intersystem crossing (ISC) from the singlet
excited states. The deactivation of triplet electronic excitation
in conventional organic luminophores involves a spin-
forbidden transition to the singlet ground state, making
phosphorescence generally improbable for the emitters at
room temperature. Recently, different pathways of the
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achieved by mana?ng exciplexes and designing donor—
acceptor structures.” The alternative path to employ triplet
excitons in emission is to enhance spin—orbit interactions in
fully organic emitters without using noble metal complexes.™®
Insertion of S and Br atoms into the structures of emitters is
often considered as a useful approach for the realization of
RTP.° A classic way to obtain an efficient RTP is to achieve
efficient ISC which is reached through spin—orbit coupling
(SOC).” As more structure—property relationships were
examined, cases of the appearance of both TADF and RTP
in the same emitters were reported.”” The different triplet-
facilitated phenomena can be activated in the same types of
materials under varying conditions. Consequently, the different
spectral manifestations of the phenomena open pathways for
advanced multifunctional applications of the emitters in optical
sensing, bioimaging devices, and organic light-emitting diodes
(OLEDs).""”"* As the employment of triplet excitons in
emission allows substantially increasing the efficiency of the
OLEDs, the quenching of triplet energy can be useful for
sensing applications.

Organic emitters exhibiting RTP as oxygen sensing probes
were reported recently.'*~'® Oxygen is essential for virtually all
living organisms. It played a pivotal role in evolutionary
processes. Consequently, oxygen sensing is of significant
importance in various fields, including biology and medi-
718 The applications of oxygen sensors range from
noninvasive health monitoring'” and food and pharmaceutical
packaging”””' to the control of industrial processes and
environmental monitoring.”> Within this context, oxygen
sensing represents one of the most important application
domains in RTP materials. Optical oxygen sensors are widely
utilized in food technology and packaging, medicine,
biotechnology, environmental sciences, and geosciences.é’22
Nevertheless, most of the reported RTP oxygen analytes have
several drawbacks, such as environmental sensitivity and low
emission efficiency.””** Such limitations highlight the need for
further research on stable and efficient RTP materials. The
study of the effect of the molecular structure on triplet
emission mechanisms remains of great interest. To achieve
efficient TADF or RTP under ambient conditions, it is crucial
to suppress the vibrational and oxygen-mediated quenching of
triplet excitons. Molecular design plays a pivotal role in
minimization of these quenching processes.

Here, we report on a series of derivatives of phenoxathiin
and benzophenone (PB). The electron-withdrawing benzo-
phenone moiety is widely used in the design of the structures
of organic emitters intended for OLEDs.”~** The phenox-
athiin moiety is still scarcely used as an electron-donating unit.
It is expected that an atom of S could enhance the ISC and
SOC processes to ensure efficient RTP.”” The synthesized
compounds are characterized by a high thermal stability.
Inspired by the above-discussed developments in exploitations
of triplet energy in a variety of applications, the derivatives of
phenoxathiin and benzophenone were designed, aiming at the
management of triplet excited states. The incorporation of the
strong electron-donating phenothiazine and dimetylacridan
moieties resulted in enhanced intramolecular charge transfer
(CT) and the consequent switching from RTP to TADF.*73?
The Stern—Volmer constants for the oxygen sensitivity of
TADF and RTP of the synthesized emitters were found to be
0.9—1.8 X 10~ ppm™! which are comparable to the state-of-
the-art values. The derivative of dimethylacridan exhibits an
efficient TADF. OLED with this emitter shows an external

cine.
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quantum efficiency (EQE) of 17%. Most importantly, triplet
electronic excitations were utilized in both optical and
electronic applications based on the different emissive
processes. The structure—property relationships were estab-
lished for the derivatives of phenoxathiin and PB revealing the
principles of utilization of triplet excitons in different
applications.

2. EXPERIMENTAL SECTION

2.1. Instrumentation. A Bruker Avance III [400 MHz ('H), 101
MHz (*C)] apparatus was used for recording '"H NMR and *C
NMR spectra at room temperature. Chemical shifts (5) are reported
in ppm referenced to tetramethylsilane or to the internal solvent
signal. Mass spectra (MS) were recorded on a Waters ZQ_(Waters,
Milford, MA). IR spectra were recorded by a Vertex 70 Bruker
spectrometer equipped with an ATR attachment with a diamond
crystal over frequencies of 600—3500 cm™ with a resolution of §
cm™" over 32 scans. An Avantes AvaSpec-2048XL spectrometer was
used for the recording of absorption spectra. An Edinburgh
Instruments FLS980 spectrometer was used for measurements of
emission spectra and decay curves. A Sepia II PicoQuant laser with an
excitation wavelength of 374 nm was used for the measurements of
photoluminescence decay curves. An Optistat DN2 cryostat and a
turbomolecular pump were used for recording emission spectra and
decay curves at different temperatures in the deoxygenated environ-
ment.

A gas-flow controller SmartTrak S0 and mass flow meter
SmartTrak 100 were used for the estimation of the sensitivity of
emission to oxygen at room temperature and at the relative humidity
of 0%. A chamber with a sample holder was filled with a mixture of
oxygen and nitrogen gases for the measurements.

Kurt J. Lesker equipment built in the MBRAUN EcoVap4G
glovebox was used for the preparation of samples and fabrication of
OLEDs by thermal vacuum evaporation technique under high vacuum
(2 X 107° mbar). The rate of deposition was in the range of 1—2 A/s.
OLEDs were fabricated without passivation. A Keithley 2400C
sourcemeter, PH100-Si-HA-DO calibrated photodiode, and PC-based
power and energy monitor 11S-LINK were used for the simultaneous
measurements of the current density—voltage and luminance—voltage
characteristics of the OLEDs. The time-resolved electroluminescence
(TREL) measurements were performed with a 10 V bias at § kHz
with a 50% duty cycle.

Differential scanning calorimetry (DSC) measurements were
carried out using a DSC Q 2000. Thermogravimetric analysis
(TGA) was performed on a TGA Q 50. The TGA and DSC curves
were recorded in a nitrogen atmosphere at a heating rate of 10 °C/
min. The cyclic voltammetry (CV) measurements were carried out by
a three-electrode assembly cell from Bio-Logic SAS and a micro-
AUTOLAB Type III potentiostat—galvanostat apparatus. The work-
ing electrode was a glassy carbon with a surface of 0.12 cm? The
reference electrode and the counter electrode were Ag/Ag* 0.01 M
and Pt wire, respectively. The solutions with the concentration of 10~
M of the compounds in argon-purged dichloromethane (Fluka) with
tetrabulthylammonium perchlorate (TBAP; 0.1 M) as the electrolyte
were used for the CV measurements. Charge mobilities were studied
by the time-offlight (TOF) method. The transient current curves
were collected by applying different positive or negative voltages using
a 6517B electrometer (Keithley) to the optically transparent electrode
(ITO) to monitor the transport of holes or electrons, respectively. A
TDS 3032C oscilloscope (Tektronix) was used for recording of the
photocurrent transients of holes or electrons. The hole and electron
transit times (t,) were obtained at different electric fields. The values
of t, were used for the calculation of hole () and electron (u,)
flights at various electric fields using the formula py,,.= d*/(U ),
where t, is the transit time, d is the thickness of a layer, and U is the
applied voltage. The thickness of a layer (d) was estimated using an
optical profilometer (Profilm3D). The TOF mobility values as the
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Scheme 1. Synthesis of PB Derivatives
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function of electric fields (E) were well-fitted using the Poole—Frenkel
formula p = p exp /)’El/z.

Melting points of the compounds were estimated by an
electrothermal melt-temp 1101D (Dubuque, IA, USA) apparatus
(error value + 1 °C). Theoretical calculations were carried out using
Gaussian 16 and Gaussview 6 software.

2.2. Materials. Phenoxathiin-4-yl boronic acid, 4-bromobenzo-
phenone, 4,4-dibromobenzophenone, 9,9-dimethyl-9,10-dihydroacri-
dine, and phenothiazine were purchased from Sigma-Aldrich and
Fluorochem and used as received. Zeonex in the study denotes
Zeonex 480 donated by Zeon Europe GmbH.

2.3. Synthesis and Identification. NMR spectra of the
compounds are presented in the SI.

4-Phenoxathiin-4-yl-benzophenone (PB). A dried 100 mL flask
was charged with phenoxathiin-4-yl boronic acid (0.5 g, 2 mmol), 4-
bromobenzophenone (0.68 g, 2.6 mmol), bis(triphenylphosphine)-
palladium(II) dichloride (Pd(PPh;),Cl,) (0.07g, 0.1 mmol), and
powdered potassium hydroxide (1.12 g, 20.00 mmol). The reaction
vessel was vacuumed and filled with argon. Degassed tetrahydrofuran
(THF) (30 mL) and degassed water (S mL) were added, and the
reaction mixture was stirred at 80 °C for 3 h. The crude product was
extracted into DCM, and the organic phase was washed with water
and dried over Na,SO,. The product was purified by column
chromatography using hexane/ethyl acetate (8/1) as the eluent and
recrystallized from the eluent. The yield of white crystals (mp = 156—
157 °C) was of 74%.

'"H NMR (400 MHz, CDCl,), § (ppm): 7.94 (d, ] = 8.1 Hz, 2H),
7.89 (d, J = 7.5 Hz, 2H), 7.67 (d, ] = 8.1 Hz, 2H), 7.63—7.60 (m, 1
H),7.52 (t, ] = 7.5 Hz, 1H), 7.22 (d, ] = 7.9 Hz, 1H), 7.18—7.08 (m,
4H), 7.03(t, ] = 7.4 Hz, 1H), 6.92 (d, ] = 7.9 Hz, 1H).

3C NMR (100 MHz, CDCL;), § (ppm): 196.42, 152.47, 149.30,
141.50, 137.74, 136.46, 132.48, 13009, 130.05, 129.53, 128.40,
127.89, 126.93, 126.89, 124.94, 124.59, 122.08, 120.98, 117.72.

C,sH 60,8 [(M+H)*] exact mass = 381.09, MS (APCI") = 381.00.

4-Bromo-4’'-phenoxathiin-4-yl-benzophenone (BrPB). BrPB was
synthesized by the same method as MQ7 from phenoxathiin-4-yl
boronic acid (0.5 g, 2 mmol), 4,4-dibromobenzophenone (1.05 g, 3,1
mmol), Pd(PPh;),Cl, (0.07 g, 0.1 mmol), KOH (1.15 g, 20.5 mmol),
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30 mL of THF, and S mL of water. The yield of white crystals (mp =
140—141 °C) was of 61%.

'H NMR (400 MHz, CDCL,), § (ppm): 7.90 (d, J = 8.1 Hz, 2H),
7.76 (d, J = 8.3 Hz, 2H), 7.69-7.67 (m, 4H), 7.24—7.11 (m, SH),
7.05 (t, ] = 7,4 Hz, 1H), 691 (d, ] = 7.9 Hz, 1H).

BC NMR (100 MHz, CDCL;), § (ppm): 195.35, 152.45, 149.29,
141.80, 136.45, 136.03, 131.70, 131.57, 129.90, 129.63, 129.14,
127.87, 126.99, 126.89, 124.94, 124.57, 122.11, 120.95, 117.68.

CysH sBrO,S [M*] exact mass = 458.00, MS (ESI*) = 458.03.

4,4'-Diphenoxathiin-4-yl-benzophenone (DPB). DPB was syn-
thesized by the same method as MQ7 from phenoxathiin-4-yl boronic
acid (0.5 g 4 mmol), 4,4-dibromobenzophenone (0.7 g, 2 mmol),
Pd(PPh,),Cl, (0.14 g, 0.2 mmol), KOH (1.15 g, 20.5S mmol), 30 mL
of THF, and S mL of water. The yield of white crystals (mp = 146—
148 °C) was of 67%.

"H NMR (400 MHz, CDCl,), § (ppm): 8.00 (d, ] = 8.3 Hz, 4H),
7.71 (d, ] = 83 Hz, 4H), 7.25-7,27 (m, 2H), 7.12—7.21 (m, 8 H),
7.03—7.07 (m, 2H), 6.92—6.95 (m, 2H).

3C NMR (100 MHz, CDCly), 6 (ppm): 196.19, 152.51, 149.33
141.52, 136.58, 130.58, 130.0, 129.57, 129.19, 127.87, 126.92, 126.89,
124.92, 124.57, 122.10, 120.99, 117.73.

C;,H,,0,S, [M*] exact mass = 578.10, MS (ESI*) = 578.14.

4-(9,9-Dimethylacridan-10-yl)-4’-(phenoxathiin-4-yl)-
benzophenone (AcPB). A dried 100 mL flask was charged with 9,9-
dimethyl-9,10-dihydroacridine (0.118 g, 0.57 mmol), 4-bromo-4'-
phenoxathiin-4-yl-benzophenone (MQ2) (0.2 g 0.44 mmol), t
BuONa (0.251g, 2.61 mmol), Pd(PPh;), (0.03 g, 0.03 mmol), and
dry toluene (5 mL). The reaction mixture was heated at 100 °C for
3 h. After cooling down, the reaction mixture was diluted with DCM,
and the organic phase was washed with water and brine. After being
dried over Na,SO, and filtered, the solvent was removed, and the
residue was purified by column chromatography using hexane/
toluene (2:1) as the eluent and recrystallized from the eluent mixture
of solvents. The yield of yellowish crystals (mp = 176—177 °C) was of
81%.

'"H NMR (400 MHz, CDCl;), § (ppm) 8.15 (d, J = 8.0 Hz, 2H),
8.03 (d, J = 7.9 Hz, 2H), 7.73 (d, ] = 7.9 Hz, 2H), 7.48—7.53(m, 4H),

https://doi.org/10.1021/acsaelm.5c00863
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7.21 (s, 1H), 7.12—7.21 (m, 4H), 6.93—7.07 (m, 6H), 6.37(d, ] = 8.0
Hz, 2H), 1.71(s, 6H).

3C NMR (100 MHz, CDCL;), § (ppm): 207.0, 195.5, 152.46,
14931, 145.42, 141.82, 140.50, 137.13, 136.17, 132.69, 130.98,
130.64, 130.46, 130.02, 129.67, 129.18, 127.88, 126.99, 126.44,
125.37, 124.94, 124.59, 122.11, 121.12, 120.94, 117.71, 114.37, 30.94.

C4oH2NO,S [(M+H)*] exact mass = $88.19, MS (US") = 588.03.

4-(Phenothiazin-10-yl)-4'-(phenoxathiin-4-yl)benzophenone
(PzPB). PzPB was synthesized by the same method as MQ4 from
phenothiazine (0.17g, 0.85 mmol) and 4-bromo-4'-phenoxathiin-4-yl-
benzophenone (0.30g, 0.66 mmol), +BuONa (0.38 g, 3.94 mmol),
Pd(PPh,), (0.06 g, 0.05 mmol), and dry toluene (S mL). The yield of
brownish crystals (mp = 241—242 °C) was of 58%.

'H NMR (400 MHz, THF), 6 (ppm): 7.91 (d, ] = 7.9 Hz, 2H),
7.71 (d, ] = 8.1 Hz, 2H), 7.33 (d, ] = 8.5 Hz, 2H), 7.30—7.12 (m,
9H), 7.07—7.02 (m, 3H), 6.97—6.92 (m, 3H).

BC NMR (100 MHz, THF), § (ppm): 194.06, 153.38, 150.11,
147.92, 143.44; 141.75, 137.68, 134.55, 132.73, 131.50, 130.32,
130.06, 129.94, 128.59, 128.47, 128.43, 127.81, 127.46, 125.62,
125.34, 125.23, 123.07, 122.83, 122.58, 121.78; 118.31.

C3,H,3NO,S, [M*] exact mass = 577.12, MS (ESI*) = 577.36.

3. RESULTS AND DISCUSSION

Synthesis, Thermal, and Electrochemical Properties.
The donor—acceptor (D—A) compounds consisting of
electron acceptor benzophenone and electron donor phenox-
athiine (PB, BrPB, and DPB) were synthesized by Suzuki
cross-coupling reactions of phenoxathiin-4-yl boronic acid with
monobromo or dibromo derivatives of benzophenone in the
presence of catalytic amounts of Pd(PPh;),Cl, in the mixture
of THF and H,0 (Scheme 1). The asymmetric D—A—D’ type
molecules were synthesized by the Buchwald—Hartwig cross-
coupling reaction of 4-bromo-4’-phenoxathiin-4-yl-benzophe-
none (BrBP) with electron-donating phenothiazine or
dimethylacridan with the yield of the product of 58—81%
(Scheme 1).

The thermal transitions and thermal stability of PB
derivatives were studied by differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) under a
nitrogen atmosphere. The data are given in Table 1. The

Table 1. Thermal, Electrochemical, and Photoelectrical
Characteristics of PB Derivatives

Compound“ PB BrPB DPB AcPB PzPB
T, °C” 28 40 79 82 87
T,, °C* 160 143 172 181 246
T_sy °C 317 315 416 387 391
E% vero V 0.72 0.75 0.77 0.49 0.29
B eV -2.15 —2.01 —2.06 -2.03 —2.04
Egy, €V 2.65 2.79 2.74 2.77 2.76
E, eV 5.52 5.55 5.57 5.29 5.09

“T_s9 — 5% mass loss temperature determined by TGA, heating rate
of 20 °C/min, N, atmosphere. T, — glass transition temperature, T,,
— melting point, determined by DSC, scan rate of 10 °C/min, N,
atmosphere. “Second heating scan. “First heating scan.

compounds were isolated after synthesis as crystalline
substances. The first DSC scans of the synthesized PB
derivatives revealed melting points (T,,) in the range of
143—246 °C. After slow cooling the second heating scans
revealed for all compounds the signals of glass transition at
28—87 °C (Figure la). Neither melting nor crystallization
signals were observed during these scans (Figure S11). The
values of 5% weight loss temperatures (T,;) of PB derivatives
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were in the range of 314—390 °C as confirmed by TGA (Table
1, Figure 1b). Single-stage TG curves up to complete weight
loss of compounds PB, BrPB, and DPB show that 5% weight
loss temperatures correspond to the temperatures of the onsets
of sublimation of these compounds.

Cyclic voltammetry (CV) measurements were conducted for
the estimation of the electrochemical characteristics of the PB
derivatives. All the studied compounds exhibited reversible
oxidation upon multiple scans (Figure S12). The CV curves of
PB derivatives maintained consistent shapes throughout
successive cycles, indicating the formation of stable radical
cations and radical anions. The ionization energy (E;) values
were estimated based on the oxidation onset potentials relative
to ferrocene (E,, onset versus Fc). The E, values for the PB
derivatives ranged from 5.09 to 5.57 eV (Table 1). The
presence of the second phenoxathiine group did not influence
the E; value. This was observed by comparing the E; of DPB
with those of PB and BrPB. The replacement of phenoxathiin
fragment by either dimethylacridan or phenothiazine moieties
resulted in the decrease of E; by 0.28 and 0.48 eV, respectively
(cf. E; of DPB with AcPB or PzPB). The electron affinity
(Ega) values derived from the CV of the PB derivatives were
found to be in the close range from 2.65 to 2.79 eV. These Eg,
values were calculated using the E; values and the reduction
potential onsets with respect to ferrocene.

Excited States. In order to obtain the optimized geometry,
the frontier molecular orbital distributions, and energy levels of
the compounds, density functional theory (DFT) calculations
at the B3LYP/6-31">G theoretical level in vacuum were
performed (Figure 2).

The derivatives of benzophenone-substituted phenoxathiin
and phenothiazine possess a relatively planar molecular
conformation, characterized by a dihedral angle between the
donor and acceptor units of ca. 50°. This structural
arrangement leads to significant separation of the highest
occupied molecular orbitals (HOMOs) and the lowest
unoccupied molecular orbitals (LUMOs). Although phenox-
athiin and phenothiazine serve as electron-donating units, their
molecular cores deviate from planarity due to the heavy atom
effect, which significantly influences the electronic structure
and conjugation pathways’”** The nonplanar core of the
donor moieties translates into a slight extension of the LUMO
from the acceptor moiety toward the donor moieties. The
HOMOs are delocalized on the slightly bent phenoxathiin and
phenothiazine moieties. The HOMO of compound AcPB is
delocalized on the planar dimethylacridan moiety. This unique
spatial and electronic configuration ultimately modulates the
absorption and emission characteristics of these derivatives, as
discussed in further chapters. The theoretically obtained
HOMO values are in agreement with the experimental results.
The most shallow HOMO was observed for compound AcPB
having the strongest electron donor, ie., dimethylacridine
moiety (Figure 2).

The absorption spectra of toluene and tetrahydrofuran
(THF) solutions of the PB derivatives were recorded at room
temperature (Figure 3a). The absorption spectra of THF
solutions have one intense band at ca. 300 nm. The absorption
spectrum of the THF solution of PzPB has a CT band peaking
at 339 nm. Except for the CT band of PzPB, all the absorption
bands of the solutions of the studied compounds undergo
insignificant shifts in their location when the polar THF is
replaced with a nonpolar toluene highlighting their locally
excited (LE) character (Figure 3a, Figure S13).
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Figure 2. Molecular orbital distribution of the compounds at the ground state level (calculated in vacuum).

Molar absorption coefficients of the solutions of AcPB and
PzPB which have stronger donor moieties than phenoxathiin
are increased when toluene is replaced by more polar THF
(Figure S13). The only exclusion is the n—7z* absorption peak
for PzPB attributed to phenothiazine, having practically
identical coeflicient values when the polarity of the solvent is
changed. The toluene solutions of BrPB, DPB, and PB
containing only phenoxathiin units, and the Br atom in the
structure of BrPB, exhibit higher molar absorption coeflicients
than the corresponding THF solutions. This observation
indicates the distinctive difference in the optical properties of
the two subgroups of compounds in the series.

TD-DFT (B3LYP/6-31 + G **) calculations allow deeper
insights into the nature of the experimental absorption bands.
The theoretical UV spectra of the compounds are very similar
to those of their toluene and THF solutions (Figure S14),
exhibiting a strong band located in the higher energy range.
The UV absorption bands of the theoretical spectra of the
compounds are characterized by transitions toward several
excited states but are dominated by S,—S; transitions for
compounds DP and BrDP. The dominating transition of the
derivative of the disubstituted benzophenone (DPB) is the
So—S, transition. Whereas the theoretical UV spectra of AcPB
and PzPB are dominated by the transitions to higher excited
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states (S;—Sg, So—Sg, respectively). Nevertheless, these
transitions represent mixtures of local acceptor excitations
(LE) and acceptor-to-donor CT excitations (Figure S14a—d).
The excited state of the lowest-energy S; corresponds to the
HOMO—LUMO transition with negligible oscillator strengths
(f) of 0.000. These theoretical results suggest that the lowest
energy transitions Sy—S, do not contribute significantly to the
absorption spectra of the benzophenone derivatives studied.
Both the experimental and the theoretical results thus indicate
that the optical properties of these benzophenone derivatives
are determined by the intramolecular transitions in solutions.

The emission bands of the solutions of the compounds are
bathochromically shifted with the increase of polarity of the
solvent by 30—55 nm, manifesting the intramolecular CT state
of the emission (Figure 3a). The positions of the bands of
photoluminescence (PL) spectra are determined by the nature
of the donor moieties. Thus, the solutions of BrPB and PB
consisting of only benzophenone and phenoxathiin moieties
exhibit almost identical PL spectra with a negligible PL
quantum yield (PLQY). However, the addition of the second
phenoxathiin donor unit to the structure of the compound
(DPB) resulted in a red shift of the PL peak location from 454
to 459 nm due to the extension of z-conjugation.
Dimethylacridan is a strong electron donor, causing the shift
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Figure 3. Absorption and PL spectra of dilute toluene and THF solutions of the compounds recorded at room temperature (a). Non-normalized
and normalized PL spectra of the films of the compounds doped in Zeonex 480 (1 wt %) recorded at room temperature (b). PL decay curves of the
films of the compounds doped in Zeonex 480 (1 wt %) recorded at the peak wavelengths at different temperatures (c).

of the PL peak of the solution of AcPB to the yellowish-green
spectral range and the increase of PLQY of the deoxygenated
toluene solution to 13.5%. The main peak of the PL spectra of
the toluene solution of PzPB containing phenothiazine moiety
is red-shifted further to 595 nm with a PLQY value of 1.7%.
The PL band of the THF solution peaks at 653 nm. The
occurrence of two CT peaks for the phenothiazine-containing
donor—acceptor compound PzPB was reported before
assigning the blue PL peak to the g-ax conformers and the
orange/red PL peak to the g-eq conformers of phenothiazine
moiety.35

In order to further investigate the photophysical properties
and to minimize the intermolecular interactions, which could
potentially result in quenching of the emission, the compounds
were molecularly dispersed in the rigid Zeonex 480 polymer
matrix. The increase of PL intensity was observed for all the
films after evacuation (Figure 3b). In the PL spectra of the
films of the molecular dispersions of PB, BrPb, and DPB in
Zeonex 480, the low-energy bands with a distinctive vibronic
structure appeared at ca. 477 nm. In addition, the increase of
intensity of PL bands was observed after evacuation. For the
molecular mixture of PB and Zeonex, an increase of PL
intensity by a factor of 17.7 was observed. The bands observed
in PL spectra at 477 nm corresponded to those of the
phosphorescence spectra recorded at 77 K (Figure S15). The
lifetimes of emission were in the microsecond range (Table S1,
Figure 3¢, Figures $16—520). The differences of intensities of
the PL bands recorded in air-equilibrated and oxygen-free
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environments indicate the involvement of triplets in the
emission of benzophenone derivatives containing a phenox-
athiine moiety. Since PL intensity is sensitive to the presence
of oxygen, it is suggested that the origin of emission is RTP.
The polymer molecularly doped with benzophenone deriva-
tives AcPB and PzPB containing the stronger electron
donating moieties, i.e., dimethylacridan and phenothiazine,
exhibited 2.8 and 6.5-fold increases of PL intensity after the
evacuation of the solid samples (Figure 3b). This observation
also indicates an active radiative recombination from the triplet
state. The singlet—triplet energy splitting values of 0.02 eV
observed for AcPB and 0.01 eV for PzPB indicate that the
origin of emission was delayed fluorescence. For further
confirmation of the delayed fluorescence, temperature-depend-
ent PL measurements were performed. Normalized PL spectra
(Figure S21) and PL decay curves (Figure 3c, Figure S22) of
the films of BrPB, DPB, and PB doped in Zeonex matrix,
exhibited the gradual phosphorescence quenching with the
increase of temperature and the change of the relative
distribution of intensity of the bands of prompt fluorescence
and phosphoresce. The films of AcPB and PzPB doped in
Zeonex exhibited a consecutive decrease in the phosphor-
escence and an increase in DF upon the increase in the
temperature. Hence, the thermal activation of DF is postulated
from the dynamics of PL decay curves of the films of the
dimethylacridan (AcPB)- and phenothiazine (PzPB)-based
emitters recorded at different temperatures (Figure 3c).
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Figure 4. Calculated SOC values and excited state energy levels of the PB derivatives.
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The theoretical calculations help to delve into the electronic
structure of the benzophenone derivatives and provide
additional information about their emission properties. The
results indicate that the S; excited states of the series of
compounds studied exhibit a distinct CT character (Figure
S23). Meanwhile, T, is localized and associated with the
benzophenone moiety, indicating an LE nature. Taking into
account the excited states energy diagram, RTP exhibiting
compounds PB, BrPB, and DPB have three triplet energy
states below S; (Figure 4). The relatively high SOC values
support efficient intersystem crossing (ISC) by facilitating
transitions to the three lower-lying triplet states. In contrast,
the TADF active compounds AcPB and PzPB display minimal
energy gaps between their S, and T, states. This near-
degeneracy results in low SOC values, significantly promoting
RISC and thereby enhancing TADEF efficiency. Such
distinctions in SOC values and configurations of excited states
arise from D—A systems of benzophenone derivatives and
determine their emissive properties.

Notably, the nonplanar geometry of phenoxathiin reduces its
electron-donating capability, potentially hindering CT inter-
actions. This leads to the enhancement of SOC and ISC, hence
enhancing the dominance of the benzophenone acceptor,
making these systems more favorable for RTP. In contrast,
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stronger and more planar electron-donating units such as
dimethylacridan improve charge separation, reduce singlet—
triplet energy gap, and accelerate RISC, optimizing these
compounds for efficient TADF.

Practical Applications of Triplet-Facilitated Phenom-
ena Exhibited by PB Derivatives. Taking into account the
considerable emission response of the compounds to the
collisional interactions with oxygen and the biggest increase of
PL intensity after the deoxygenation, the concentration-
dependent oxygen sensing tests were performed using the
films of PzPB and PB doped in Zeonex (2 wt %) (Figure Sc).
The samples were placed in an isolated chamber with a
controlled atmosphere. The PL spectra of the films were
recorded under nitrogen and subsequently under a controlled
increasing concentration of oxygen with a 5 min interval. The
tests were finished with measurements under an oxygen
atmosphere (Figure Sa,b).

The PL spectra totally corresponded to the above-discussed
PL spectra of the compounds, highlighting the TADF of PzPB
and RTP of PB (Figure 3b). The intensity of emission
decreases upon increasing oxygen concentration in the
chamber. The nature of emission quenching is an interception
of triplet energy.” It is discussed in more detail in SI. The
ratios of emission intensity observed at the peak wavelength
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Table 2. Data Derived from Stern—Volmer Plots of Films of PzPB and PB Doped in Zeonex

Sample fi ksy1, ppm™" f2 ksv, ppm™' LOD, ppm Adj. R?
PB:Zeonex (2 wt %) 0.54 8.8 x 107 0.46 4.6 x 107 34, 6522 0.996
PzPB:Zeonex (2 wt %) 0.54 69 x 1077 0.46 1.8 x 1073 1.6, 4375 0.974
Table 3. Major Characteristics of OLEDs"
Doping, Current efficiency, Power efficiency, Jor
OLED wt % cd/A Im/W EQE, % A nm 1931 CIE,, mA/em’ Ti_3, US Tag HS X
A 1 34.9/26.1 15.9/7.5 14.7/10.9 488 (0.19, 0.36) 16.1 6.2, 22.3, 109.4 46.3 1.049
B 1 38.7/29.4 21.4/8.6 154/11.7 488  (0.19, 0.38) 24 72,248,1152 551  1.097
C 10 42.1/41.6 14.1/13.6 15.8/15.6 497 (0.18, 0.44) 69.4 6.2, 21.9, 106.8 39.2 1.091
D 10 41.6/40.2 14.0/13.0 15.7/15.2 501 (0.18, 0.45) 62.3 6.3, 22.1, 107.2 43.6 1.075
E 15 43.8/40.3 19.0/13.3 15.6/14.3 504 (0.20, 0.48) 67.9 6.4,22.3,102.2 332 1.096
F 15 48.2/42.0 19.4/11.7 17.0/14.8 504 (0,20, 0.49) ca. 53 8.0, 25.2, 103.4 37.3 1.0583
“Efficiency values are presented as maximum values/values at 1000 cd/ m?.
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Figure 6. EL spectra of OLEDs and PL spectra of the films of AcPB doped in mCP (2, 10, and 15 wt %) (a). 1931 CIE diagram of the OLEDs (b).
Photos of mCP-based OLEDs B and F (c). EQE—current density plots of the OLEDs (d). TREL profiles of OLEDs (e).

under nitrogen (I;) and of the emission intensity recorded at
the specific oxygen concentration (I) were taken for the
estimation of the Stern—Volmer constants kg,. The depend-
ence between I,/I and the oxygen concentration [O,]
exhibited a downward curvature. Therefore, the Stern—Volmer
equation for quasi-hyperbolic correlation which describes two
independent spectroscopic responses with fractions f; and f,

Iy A 5
was used: * =
I 1+ kg i[0,] 1+ kgy[0,]

-1
] %" The fits of the
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plots represent two components of the optical sensitivity to the
oxygen with the precision of adj. R* of >0.99 and 0.97 for the
samples of the polymer molecularly doped with PzPB and PB,
respectively. The data obtained are collected in Table 2.

The nonexponential and nonlinear Stern—Volmer response
is assigned to the inhomogeneity due to spatial disorder in the
film of the molecularly doped Zeonex and the diffusion effects.
The rigidity of the polymeric host apparently results in the
limited interaction of the molecules of the guests with
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oxygen.”® The values of f; and f, were found to be close for
both the samples, highlighting the identical procedure of the
film fabrication and ultimately the very same reason for two
components of the optical sensitivity to oxygen. The PB-based
sample with the kg of 1.8 X 107> and the limit of detection of
1.6 ppm is comparable with the correspondin% values recently
reported for RTP oxygen sensing analytes.””””*

Unlike RTP, TADF can be used effectively in optoelec-
tronics. TADF emitter AcPB was tested in the emissive layers
of OLED:s. The structures of the devices were as follows: ITO/
HAT-CN/TCTA/mCP/the emitting layer of AcPB doped
into host matrix/TSPO1/TPBi/LiF/Al The thickness of the
layers and the dopant concentration within the emitting layer
were changed in order to optimize the devices and enhance the
triplet-facilitated emission of the PB derivative in the most
effective way. Detailed information about the structures of the
OLEDs is given in the SI. The main characteristics of the
OLEDs are collected in Table 3, Figure 6, and Figures S24—
S30. 1,4,5,8,9,11-Hexaazatriphenylenehexacarbonitrile (HAT-
CN) and LiF were selected for hole and electron injection,
respectively. Tris(4-carbazoyl-9-ylphenyl)amine (TCTA) and
2,2/,2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)
(TPBi) were employed for the deposition of hole and electron
transporting layers, respectively. 1,3-Bis(N-carbazolyl)benzene
(mCP) and diphenyl[4-(triphenylsilyl)phenyl]phosphine
oxide (TSPO1) were chosen for the fabrication of electron
and hole blocking layers, respectively. The EL spectra of
OLEDs A—F remain stable upon increasing voltage and
correspond to the emission spectrum of the film of AcPB
manifesting complete electronic excitation energy transfer from
host to guest (Figure 6a, Figures S24a—S29a). The color of
electroluminescence in the 1931 CIE coordinates shifted from
sky blue to green with the increase of concentration of AcPB
from 1 to 15 wt % in the emitting layer (Figure 6b, c). The EL
spectra of the OLEDs totally correspond to the PL spectra of
the films with the respective concentrations (Figure 6a). The
PL spectra are broader than the corresponding EL spectra due
to enhanced intermolecular interactions caused by the
thickness of the films being higher than 25—28 nm of the
emitting layers of the OLED:s.

Devices A and B were fabricated with the concentration of
AcPB of 1 wt %. 3,3’-Di(9H-carbazol-9-yl)-1,1’-biphenyl
(mCBP) was taken as a host for OLED A and mCP was
selected as a host for device B. Both devices exhibited similar
EL spectra with peaks at 488 nm. As the mCP-based OLED
exhibited slightly higher efficiency than that of the OLED A,
mCP was used in the further optimization of the device
structure. The concentration of AcPB was increased to 10 wt
% in devices C and D. The thicknesses of the layers of TCTA
and mCP were increased from 31 to 40 nm and from 4 to 6 nm
in OLEDs C and D, respectively. The changes in the thickness
did not have any significant effect on the efficiency or the turn-
on voltage. This observation shows that the limits of the
OLED performance are reached not because of the charge
balance issues related to the charge transporting layers but
rather because of the emissive species themselves. There was a
minor change in emission characteristics as the peak of EL
spectra shifted from 497 to 500 nm after the increase of the
concentration of the emitter in the host (Figure 6a). The
increase of the concentration of AcPB from 1 to 10 wt %
resulted in the reduction of turn-on voltage to ca. 4.4 V and the
increase of EQE to 15.8%. The efficiency roll-off was also
improved to values close to the maximum one at 1000 cd/m”
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(Table 3, Figure 6d). The critical current density j, is defined
as the current density at which the EQE is half of its maximum
value. The values j; are used as a measure of the efficiency roll-
off. They are listed in Table 3. To understand the reason
behind the improved performance, transient EL (TREL)
signals of the OLEDs were recorded (Figure 6e). The triple
exponential fits were applied to the TREL profiles. The
lifetimes of the components (7,_3) are given in Table 3. The
initial rise of the TREL edge is associated with the initial
recombination of excitons in the recombination zone and
trapping, detrapping, and recombination of charge carriers."'
As the bias is switched off, the injected carriers drift back to the
respective electrodes under an internal electric field. The back-
propagating charges corresponding to the excitons that are
trapped cause a TREL overshoot. The overshoot originates
from the recombination of electron—hole pairs and unpaired
charges that undergo trapping. With the increase of the dopant
concentration in the emitting layer, the overshoot becomes
more intensive, linking AcPB directly with the trap formation.
TREL also indicates the trend of the decrease of the EL
lifetime of the longest-lived component 7; as well as of the
decrease of the average lifetime 7., upon increasing
concentration of AcPB in the host. Shortening of the TADF
lifetime enhances the RISC rate and improves the resistance of
OLED: to the efficiency roll-off.* Thus, the increase of AcPB
concentration in the host from 1 to 10 wt % resulted in more
efficient TADF. The further increase from 10 wt % for C and
D to 15 wt % for E and F led to a further decrease of the
TADF lifetime. However, the distinction in terms of the
efficiency of OLEDs with the concentrations of the emitter of
15 wt % and 10 wt % was minor. The difference between the
structure of the OLEDs E and F with 15 wt % concentration of
AcPB was the thickness of the layer of LiF. The decrease in the
thickness of the layer of LiF from 0.8 nm for E to 0.5 nm
resulted in the decrease of the operating voltage by 1 V and the
increase of the maximum EQE from 15.6 to 17%. This
observation can be explained by the improved charge balance.
Although the maximum value of EQE of the OLED F reached
17%, the EQEs of devices E and F observed at the current
densities higher than 1 mA/cm”? were lower than the
corresponding values of the OLEDs C and D (Figure 6d).
The increase of the dopant concentration from 10 to 15 wt %
resulted in the increased efficiency roll-oft indicated by the
reduced j,. As TADF is the emissive mechanism of the OLEDs,
overpopulation of triplet states facilitated phenomena such as
triplet—triplet annihilation, triplet-polaron quenching, etc.,
considered as the primary reasons for efficiency roll-off.*
Devices E and F with the higher concentration of the emitter
in the emitting layer expectedly exhibited larger TREL
overshoots, highlighting more massive trap formation that
additionally contributed to the efficiency roll-off. The positions
of the EL peak further shifted to 504 nm with the increase of
the concentration of AcPB from 10 to 15 wt %. The preferable
concentration of the emitter was 10 wt %. It allowed the higher
efficiency of the device to be reached at higher luminance.
Taking into account the relatively high 7., it can be argued
that the roll-off is remarkably small for the fabricated OLEDs
exhibiting TADF. This observation can be explained by the
fact that the AcPB is characterized by bipolar charge transport.
The charge drift mobility values of 6.9 X 10™* and 7.8 X 107*
cm?®/(V s) for holes and electrons, respectively, were obtained
for AcPB using the TOF technique at an electric field of 5.14 X
10° V/cm (Figure S31a). Such mobility values rank among the
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best for organic semiconductors used in OLEDs.** The
balance of efficient hole and electron transport in the wide
range of electric fields suggests the efficient recombination of
hole—electron pairs. The character of transient current curves
(Figure S31b,c) indicates the dispersive transport of charge
carriers leading to the broadening of the recombination zone of
excitons in the OLEDs based on AcPB and the consequent
decrease of the efficiency roll-off.*> The device efficiency
comparable with that of the previously reported OLED based
on dimethylacridan disubstituted benzophenone derivative
(DMAC-BP; EQE = 18.9%) makes AcPB a promising TADF
emitter for further investigation.*®

B CONCLUSIONS

The study highlights the tunable emissive properties of donor—
acceptor compounds consisting of phenoxathiin, phenothia-
zine, or dimethylacridan donor moieties and benzophenone
acceptor units. It is experimentally and theoretically demon-
strated that the nonplanar phenoxathiin moiety facilitates
room-temperature phosphorescence due to its reduced
electron-donating capacity, especially when paired with
benzophenone and heavy bromine atoms. The emission of 4-
phenoxathiin-4-yl-benzophenone demonstrates exceptional
oxygen sensitivity, reaching up to 1.8 X 107> ppm™'. This
makes the compound highly suitable for optical oxygen-sensing
applications. Incorporation of the stronger, planar donor
moieties such as dimethylacridan results in the shift of the
emission mechanism to TADF, optimizing spatial charge
separation and reversed intersystem crossing. OLEDs contain-
ing 4-(9,9-dimethylacridan-10-yl)-4’-(phenoxathiin-4-yl)-
benzophenone exhibited external quantum efficiency of up to
17%. The emitter had the highest efficiency when its
concentration in the emitting layer was 10 wt %. At this
concentration, the TADF enhancement combined with
minimal trap formation resulted in the reduction of the
efficiency roll-off over the wide luminance range. The color of
the electroluminescence can be tuned from sky blue to green
by tuning the dopant concentration with rather small changes
in the efficiency of the devices. These findings underscore the
critical role of donor—acceptor pairing, heavy-atom effects, and
structural tuning in the optimization of thermal, electro-
chemical, and photophysical properties of derivatives phenox-
athiin and benzophenone for the rational use of triplet
electronic excitations in oxygen sensing and efficient OLEDs.
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