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ABSTRACT: Because of the contradiction of the efficiencies of
fluorescence (FL) and room temperature phosphorescence (RTP)
under ambient conditions, achievement of the molecular design of e
efficient monomolecular white emission resulting from the over- ’
lapping of FL and RTP is attractive but very challenging. With the aim
of obtaining efficient white emission from a single organic molecule,
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halogen atoms are developed. Single-molecular white emitters are \Wavelength, nm
investigated by experimental and theoretical approaches including ...thianthrenederivatives... single-molecular white emission...

steady-state and time-resolved spectroscopy, X-ray analyses, and

density functional theory calculations. Photoluminescence quantum yields (PLQYs) of white emission of the molecular dispersion of
phenyl(thianthren-2-yl)methanone in the rigid host ZEONEX at room temperature are significantly enhanced from 19 to 84% after
the removal of oxygen. Based on the results of X-ray analysis of the single crystal, the high PLQY values are partly attributed to the
absence of 7—7 intermolecular interactions and the low number of weak van der Waals intermolecular stacking due to the strong
bending of heterocyclic thianthrene moiety and the high dihedral angle between thianthrene and benzoyl groups. The structural
peculiarities of the newly synthesized thianthrene derivatives may result in the development of even more efficient organic

monomolecular white emitters.

KEYWORDS: thianthrene, Friedel—Crafts acylation, room temperature phosphorescence, single-molecular white emission,

single-crystal X-ray analysis, oxygen quenching

B INTRODUCTION

One of the most relevant energy-saving lighting technologies is
solid-state lighting.1 Inorganic, hybrid, and organic light-
emitting diodes (LEDs) are widely known devices of this
technology.” When such devices are powered by solar cells, the
LEDs can directly convert renewable energy to light with
higher efficiency in comparison to fluorescent tubes or
incandescent light bulbs. In addition, a cleaner environment
is reachable with organic LED technology when purely organic
functional and light-emitting semiconducting materials with an
aromatic backbone are used. White organic LEDs have reached
the lighting market’ due to the possibility to show eficient
white emission from multicomponent organic emitters with
high white color quality. The main parameters of color quality
are Commission International d’Eclairage (CIE1931) chroma-
ticity coordinates (x, y), color temperature (T), and color
rending index (CRI). White emitters intended for indoor
illumination have to be characterized by CIE coordinates close
to those of natural light (0.33, 0.33), T values in the range
from 3000 to 5000 K, and CRI values higher than 80.* Even
more importantly, these parameters must be stable over the
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exploitation time of white emitters. However, the color stability
of white multicomponent organic emitters can be easily lost
because the different components are often characterized by
different applicable to all four factors emission lifetimes,
different absorption, reabsorption, and emission under differ-
ent excitation energies. In addition, the shifts of the hole—
electron recombination and/or exciton relaxation zones in the
device structures under the different external voltages are
possible.” Single-molecular white emission can potentially
allow one to solve problems related to the color instability of
white multicomponent organic emitters.’ Several approaches
were proposed for the development of single organic molecules
capable of emitting white light. For instance, single-molecular
white emission from excimer- or electromer-forming materials
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can be observed.”® It can also result from intramolecular
energy transfer, intramolecular through-space (exciplex-like)
charge transfer, excited-state intramolecular proton transfer,
mechanoluminescence, and room temperature phosphores-
cence (RTP).””"! It is supposed that the photoluminescence
quantum yields (PLQYs) of single white-light-emitting
compounds are commonly low because of the imperfect
molecular design and poorly understood mechanism of the
white-light emission.” ! Indeed, there are a very limited
number of RTP-based single-molecular white emitters."”~"”
The single-molecular white emissions were observed either
from single crystals or from complicated systems. The PLQY
values were typically low. For instance, Tang et.al. developed
an RTP-based white emitter with CIE coordinates of (0.33,
0.35) and rather low PLQY of 7.2%."* One type of thianthrene
crystals showed pure organic single-molecular white emission
with PLQY of 47.1%."° The copolymers of 4-bromo-1,8-
naphthalic anhydride and acrylamide derivatives were
developed to emit white light based on RTP, with CIE
coordinates of (0.32, 0.33)."” Their PLQYs were not reported.
Organic RTP white-emitting crystal from 2,6-di(carbazol-9-
yl)benzonitrile emits delayed white light with a PLQY value of
ca. 6%."” Phenothiazine boronic ester derivative was recently
shown to be an efficient monomolecular white emitter with
PLQY of 33%, CIE1931 color coordinates of (0.26, 0.31),
color rending index of 73, and color temperature of 8145 K
when the rigid polymeric host ZEONEX was used and oxygen
was removed.”’ Moreover, efficient RTP compounds typically
demonstrate a ratio of phosphorescence quantum yield (Pgp)
and fluorescence quantum yield (®p ) (P2F = ®grp/Ppy)
higher than unity in an inert atmosphere. Thus, their RTP
should be quenched by oxygen to get white emission. For
example, the P2F value of 9.04 was obtained for the most
efficient RPT emitter published in ref 13. Thus, the single-
molecular white emission of that compound can be expected at
P2F of 1 approaching the PLQY value of 9% when RTP is
quenched by oxygen. We aimed to achieve highly efficient
monomolecular white emission without the need of RTP
quenching by oxygen.

In this work, 11 thianthrene derivatives were designed and
synthesized, aiming to obtain luminophores with even more
efficient single-molecular white emission. Thianthrene moiety
and its derivatives may emit strong RTP.'”*" The thianthrene
crystals showed white-greenish photoluminescence with
CIE1931 of (0.32, 0.43) in air when RTP is significantly
quenched by oxygen.”” In an inert atmosphere, thianthrene is
characterized by weak blue fluorescence and strong green
RTP.”">* When both efficient fluorescence and RTP are
achieved, organic thianthrene-based luminophores with
efficient single-molecular white emission can be obtained by
appropriate molecular engineering. We aimed to partly prove
this prediction in the current study. In this work, phenyl-
(thianthren-2-yl)methanone showing RTP-based white emis-
sion was synthesized. The white emission was significantly
enhanced by the attachment of halogen atoms to the phenyl
substituent. Such molecular modifications allow slight changes
of the energy mapping of excited singlet (S) and triplet (T)
energy levels, leading to the “perfect” energy distribution
between S and T states required for efficient white emission,
which is caused by the combination of blue fluorescence and
orange phosphorescence from a single molecule. The
molecular dispersion of (4-fluorophenyl)(thianthren-2-yl)-
methanone in ZEONEX demonstrated RTP-based white

emission with a high PLQY value of 84% and relatively high
quality of white (T of ca. 5100 K, CRI of 79, and CIE1931
color coordinates of (0.32, 0.39)).

B EXPERIMENTAL SECTION

Instrumentations. Thermogravimetric analysis (TGA) was
performed on a TA Instruments TGA QS0 apparatus by recording
the weight loss during heating from 0 to 800 °C at the rate of 20 °C/
min under a nitrogen atmosphere. Differential scanning calorimetry
(DSC) measurements were recorded using a TA Instruments DSC
Q2000 equipment under a nitrogen flow of 40 mL/min at heating and
cooling rates of 10 °C/min. DSC data are collected in Figure SI.

Cyclic voltammograms (scan rate 100 mV/s) were registered using
a micro-Autolab III (Metrohm Autolab) potentiostat—galvanostat.
The studied compounds were dissolved in 0.1 M anhydrous
dichloromethane with a tetrabutylammonium hexafluoro phosphate
electrolyte. The concentration of the solutions was of 10~ M. The
measurements were performed in an inert atmosphere using a glassy
carbon working electrode, Ag/Ag (0.01 M in anhydrous acetonitrile)
reference electrode, and Pt wire counter electrode, whose potential
was verified using the ferrocene couple at the end of each set of
experiment. CV data are collected in Figure S2.

Edinburgh Instruments FLS980 and Avantes spectrometers were
used for the investigation of the photophysical properties of the
synthesized compounds. Photoluminescence (PL) spectra were
recorded by selecting an excitation wavelength of 330 nm. The
after excitation delay time of 1 ms was selected to record
phosphorescence spectra at 77 K. A PicoQuant LDH-D-C-375 laser
with a wavelength of 374 nm was used as the excitation source for
recording the decay curves of fluorescence in the nanosecond range.
The decay curves of fluorescence were recorded at the wavelengths of
the maximum of the fluorescence spectra. The Edinburgh Photonics
#F2 ps lamp with a wavelength of 330 nm was used as the excitation
source for recording decay curves of phosphorescence in the
microsecond range. The decay curves of phosphorescence were
recorded at the wavelengths of the maxima of the spectra of
phosphorescence. An FLS980 integrating sphere was used for
recording of the PLQY values by an absolute method at room
temperature. The PLQY values of the neat films in oxygen-free
conditions were obtained by first performing measurements in air
using an integrating sphere and then evaluating the increase of PL
intensity by placing the films in a vacuum cryostat equipped with a
turbo-molecular pump and capable of achieving 107> Torr pressure.
Using the same method, the PL quantum yields of the solutions of the
compounds in toluene under ambient and degassed conditions were
measured. For the preparation of oxygenated solutions, they were
bubbled using a compressed oxygen capsule for 10 min.
Deoxygenated solutions were prepared by bubbling argon for 10
min using a quartz cell. The singlet and triplet energies were
determined from the onsets of the fluorescence and phosphorescence
spectra of the THF solutions recorded at 77 K, respectively. An
integral nitrogen reservoir cryostat (Optistat DN2) providing a
controlled low-temperature exchange gas environment was used for
the characterization of the photophysical properties of the samples
from 77 to 300 K in a nitrogen atmosphere. Photophysical data are
collected in Figures S3—S6.

We selected the inert polymeric host ZEONEX to study the
emission properties of the developed compounds in the solid state.
We purchased a ZEONEX 480R from Labochema LT. To deposit the
layers of the compounds doped (5%) in ZEONEX, we mixed toluene
solutions of ZEONEX and of the tested compounds. ZEONEX was
dissolved in toluene to form a solution with a high concentration of
80 mg/mL, whereas the compounds were dissolved in toluene to form
solutions with a concentration of 2 mg/mL. The layers were
deposited on the precleaned microscope slides with an area of 25
mm® The layers were prepared by drop-casting 200 uL of a toluene
solution containing ZEONEX and the tested compound. The
microscope slides were cleaned before that in an ultrasonic bath
with water, acetone, and isopropanol for ca. 10 min each. Afterward,
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Scheme 1. Synthetic Scheme of Compounds T2F, T3F, T4F, T26F, T34F, T2CL6F, T2CL4F, T3CL4F, T23CL, T4Br, and

TBO.
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Table 1. Thermal and Redox Characteristics of the Compounds

compound Tys4:°C T, °C T, °C T
T2F 252 20 88
T3F 244 9 71 151
T4F 241 98 173
T26F 254 20 154
T34F 244 17 77 156
T2CL6F 265 30 146
T2CL4F 274 23 102
T3CL4F 253 19 78 177
T23CL 287 35 134
T4Br 247 28 83 170
TBO 256 11 83 142

°C

Eox1/2vs v0 V. Eredr1/2vs 7o V “IPcy, eV bEAcv’ eV
0.99 -2.09 5.79 2.77
0.97 -2.05 5.77 2.75
0.96 -2.18 5.76 2.62
0.99 —-2.01 5.79 2.79
0.96 —2.06 5.76 2.74
0.99 -2.05 5.79 2.75
0.94 —2.09 5.74 2.71
0.97 —2.06 5.77 2.74
1.00 —2.06 5.80 2.74
0.96 -2.07 5.76 2.73
0.95 -2.17 5.75 2.63

“Calculated according to the following equation: EAcy = €(Ereqonses + 4-8) [eV]. bCalculated according to the following equation: IPcy =

_e(onAonset + 48) [eV]
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Figure 1. TGA (a) curves of the compounds, DSC (b) curves, and cyclic voltammogram of compound T3F (c).

they were cleaned using the UV Ozone Cleaner from Ossila for S min.
After the deposition process, the layers were left to dry at 90 °C for ca.
2h

B RESULTS AND DISCUSSION

Synthesis. Eleven derivatives of thianthrene were obtained
by Friedel—Crafts acylation using benzoyl chloride with the
different halogen atoms attached to the phenyl ring. The
reactions were catalyzed by AICl; Good yields of target
compounds were achieved by carbon—carbon bond formation,
as shown in Scheme 1. All of the target compounds were

16916

purified using column chromatography and by recrystallization
from the mixtures of chloroform and hexane.

Thermal Properties. Thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) were used to
investigate the thermal and morphological properties of the
compounds. The main thermal parameters are summarized in
Table 1. All the compounds demonstrated close values of 5%
weight-loss temperatures (Tg.sq's). The Tysy values were in
the range of 239—287 °C (Figure la). Taking into account
that the weights of most of the samples dropped practically to
zero in the single stages during the TGA measurements, it can
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Figure 2. X-ray structure (ORTEP projection) (a) and packing in the crystal structure from different sides (b, c) of compound T3F. An angle at the
S---S axis of thianthrene, a torsion angle between thianthrene and acceptor, and intermolecular short distances were measured. The DFT optimized
molecular structure of thianthrene molecule in the ground S, state: top (d) and side (e) views.

be concluded that Ty g,'s are the temperatures of the onsets of
sublimation of the compounds but not of the thermal
degradation. Compounds containing Cl atom(s) (T23CL,
T2CLAF, and T2CL6F) showed slightly higher Ty values
than compound TBO due to either slightly higher molecular
weights or the different molecular packing in the solid state.

All of the synthesized compounds were obtained after the
synthesis and purification as crystalline solids. They showed
well-defined melting points (T,'s) in DSC curves (Figure 1b,
Figure S1, and Table 1). Glass transitions were observed in the
second heating scans at rather low temperatures of 9—49 °C.
The lowest T, of 9 °C was observed for compound T3F
apparently because of the small number of sites of
intermolecular interactions as evident from X-ray analysis
(Figure 2a—c). Low T, values suggest the usage of rigid hosts
(e.g, ZEONEX™") for solid-state applications of the com-
pounds. The slow cooling of the melted samples of the
compounds (e.g, TBO, T3F, and others) was found to be
good condition for crystallization. The crystallization temper-
atures (T, 's) were in the range of 71—98 °C (Figure 1b, Table
1). Meanwhile, crystallizations were not observed for
compounds T26F, T23CL, and some others (Figure 1b,
Table 1).

X-ray Analysis of the Representative Compound and
the Theoretically Optimized Structures. Single crystals of
one representative compound, T3F, were grown, and single-
crystal X-ray analysis was performed. The parameters of its X-
ray structure can be deduced using the crystallographic data of
T3F deposited in the Cambridge Crystallographic Data Centre
with the corresponding CCDC deposition number 2160882.
Compound T3F is highly unsymmetrical. This conclusion
follows from its Oak Ridge Thermal Ellipsoid Plot (ORTEP)
projection (Figure 2a). As is typically expected for the
thianthrene fragment based on a 1,4-dithiin structural moiety,
the valence <C—S—C angle is of ca. 102°.°%*° DFT
optimization supports the <C—S—C bending valence angle
(101.5 and 101.7°). For the dihedral bending angle between
two planes of the 1,4-dithiin structural moiety via the S---S axis,

our DFT calculation predicts the result <C;—C,—S,,—Cy =
140.6°. Such dihedral bending of the rigid heterocycle
thianthrene can prevent s—x intermolecular interactions.
The DFT optimized structures of the molecules of T3F,
T4F, T4Br, and TBO are shown in Figure S7—S10. Twisting
between thianthrene and benzoyl groups does not allow the
m—m stacking interactions.”” The torsion angle of 32.86°
between those units is measured by single-crystal X-ray
analysis. DFT predicts a dihedral angle C13—C15—C16-C22
= 30.9° (Figure S7)), and this is in a good correspondence to
the twisting between the right ring of thianthrene and benzoyl
groups. Indeed, 7—7 stacking interactions are not observed
when analyzing the packing pattern in the single crystal of the
molecules of T3F (Figure 2b). The molecules are side-shifted
oneswith respect to other in the solid state. In addition, the
molecules of T3F in the single-crystal structure are returned
with inversion and translational shift one concerning other; i.e,,
the thianthrene and benzoyl groups of neighboring molecules
have short separations (distance of 2.61 A) through the C—
H--F weak van der Waals intermolecular contacts (Figure 2c).
These bonds are formed between the fluorine of benzoyl and
hydrogen atom of thianthrene of the neighboring molecules.
We have found from DFT calculations that the benzoyl
group produces rather strong asymmetry in the thianthrene
moiety. The optimized C,—S,, bond length (r = 1.7874 A) is
much longer than the Co—S;, bond (r = 1.7816 A) (Figure
2d,e). In the lower moiety of the 1,4-dithiin ring, the bonds
Cs—S, and Cg—S, are almost equal (1.786 A). This is a result
of perturbation along the para-position with respect to the C=
O group. The similar perturbations of thianthrene symmetry
produced by benzoyl moiety are also well seen. The carbon
rings in a pure thianthrene molecule that belongs to the C,,
point group can really deviate out of the Dy, symmetry.
However, such deviations from the symmetry are very different
in the right and left carbon rings. For example, the bond length
r(C;—Cyy) = 1.392 A is shorter than r(C,;—C,) = 1.399 A by
0.007 A, but the difference is higher in the lower part of the
carbon ring in the vicinity of the carbonyl group: r(Cyg—C,,) =
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Figure 3. Frontier molecular orbitals (a) and atomic numeration (b) of the optimized structure of T4F in the ground S, state.

1.393 A is much shorter than r(C;,—C,;) = 1.402 A by 0.009
A. In the left carbon ring, all such differences are smaller, and
all are close to 0.005 A. The effect of the benzoyl substituent is
quite prominent for C—S bonds in all the studied compounds.
This distortion leads to essential relaxation of the dipole
selection rules in optical absorption and emission spectra,
making forbidden transitions in the thianthrene molecule to
become allowed for the substituted thianthrenes. This obstacle
is very important for the absorption and fluorescence spectra of
the synthesized thianthrene derivatives. Of course, the
thianthrene core itself has efficient RTP emission because of
considerable out-of-plane distortion in the dithiin moiety that
provides a large orbital angular momentum change inside the
sulfur atoms upon S-T excitation,”®*” contributing to
phosphorescence enhancement according to El-Sayed’s
rule.”” The large atomic radius of sulfur supports the twisting
distortion, but HOMO—LUMO excitation (Figure 3a) will
reduce the twist conformation around the dithiin moiety,
inducing the large conformational change upon the S-T
transition. This has a big influence on the vibronic SOC effect,
S-T mixing, intersysten crossing rate, and RTP yield.”' But the
benzoyl substituents induce additional distortions that strongly
reduce the C,, symmetry of the thianthrene core. In
combination with benzoyle acceptors, the n — 7* transition
channel of carbonyl group can be added to thianthrene | — 7*
character. All the additional perturbations are the subject of
our study.

Redox Properties, lonization Potentials (IPs), and
Electron Affinities (EAs). To investigate the redox properties
of the compounds, cyclic voltammetry (CV) measurements
were performed recording cyclic voltammograms within the
electrochemical window from —2.5 to 1.3 V versus ferrocene.
Figure 1c shows the voltammograms of the representative
compound T3F. Voltammograms of the other compounds are
shown in SI Figure S2. High reduction potentials (E,.4;/,'s)
were obtained for the studied compounds in the very narrow
range from —2.18 to —2.01 V. These E, 4/, values are lower
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than E,o gnec Of —2.65 V that was reported for thianthrene.*”
These differences are related to the presence of an electron-
withdrawing benzoyl moiety. Meanwhile, the presence of
halogen atoms practically did not have any strong effects on
the reduction properties of the compounds.

The oxidation potentials (E,y;/,'s) also were found in the
narrow range from 0.94 to 1.00 V. These oxidation potentials
are lower than that of thianthrene (ca. 1.3 V*?) because of the
extended conjugation of the studied compounds. Using the
E.1 and E.4,/, data, the corresponding values of the
ionization potentials (IPcy's) and electron affinities (EAcy's)
were obtained (Table 1). The DFT theory allowed the
calculation of orbital energies and comparison with the
experimental ionization potential and electron affinity data
obtained from CV measurements (Table S2). The discussion
on the calculated ionization potential and electron aflinity data
can be found below.

Figure 3a shows the highest occupied molecular orbital
(HOMO) of the T4F molecule and its lowest unoccupied
molecular orbital (LUMO). The optimized structure of T4F is
given in Figure 3b. The former 7z-orbital of HOMO is almost
completely localized at the thianthrene moiety (with a small 7-
contribution at the oxygen atom of the carbonyl group). This
explains the narrow range of oxidation potentials for the whole
series of studied compounds. The shift from thianthrene can
be explained by additional interelectronic repulsion with the
benzoyl group, which makes ionization of the derivatives
easier. LUMO represents mostly the antibonding 7*._g
orbital conjugated with the nearest aryl groups. That is why
the reduction of thianthrene has a completely different nature
in comparison to the studied new derivatives. The electron
affinity of thianthrene (2.15 eV) is much lower than that of the
series of the studied compounds (ca. 2.75 eV in Table 1).
Introduction of the benzoyl group into new molecules of the
derivatives shifts the center of electron affinity from the
thianthrene ring to the bridge between two chromophores,
which is held by the carbonyl 7*._q vacancy. Thus, the new
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Figure 4. Absorption spectrum (a) of a spin-coated film of thianthrene (the molecular structure of thianthrene is shown in the inset). Absorption
spectra (b) of dilute toluene and THF solutions of T2F. PL spectra of dilute toluene (c) and THF (d) solutions of the compounds. PL spectra (e)
and PL decay curves (f) of dilute toluene solutions of T2F before (air) and after (deox.) deoxygenation.

incoming electron upon reduction will be distributed between
the right thianthrene edge and the benzoyl group (Figure 3a).
The properties of HOMO and LUMO wave functions (Figure
3a) correlate well with the redox potentials of the compounds
and explain their electronic spectra. The structures of the
frontier orbitals pretty well satisfy the general requirements,
which have to be fulfilled to get efficient RTP, PL, and spin—
orbit coupling (SOC) induced by the mixing of the S and T
excited states.”® To achieve this goal, one needs proper energy
alignment of the S-T states with various orbital characters with
local n, |, # symmetry and the 6—7 mixing induced by the
noncoplanarity of the D—A system.>* The SOC matrix element
between S; and T states is responsible for the RTP transition
dipole moment in thianthrene according to the perturbation-
theory scheme where phosphorescence intensity is borrowed
from the allowed S;—S, transition. This is often achieved in the
donor—acceptor (D—A) compounds with noncollinear and
even near-perpendicular D—A planes.” At such D—A
geometries, the well-separated frontier MOs are usually
obtained.”® Such molecular orbitals (shown in Figure 3a)
illustrate the typical intramolecular charge transfer (CT)
character for the HOMO—-LUMO excited state. HOMO
shows the inclined 3p AO on the upper sulfur atom (Figure
3a) that strongly deviates from the common z-orientation.
Such type of 3p AO is known as [ orbital according to the
Kasha classification (the best example is the N atom orbital in
the nonplanar aniline molecule).”® Accounting for I orbital
leads to the single-center SOC integral contribution in spin—
orbit coupling calculation between *lz* and 'zz* states.’*
The DFT calculated energies of the frontier orbitals are
compared to the experimental data in Table S1. In spite of the
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typical shift of ca. 0.5 eV usually obtained for the B3LYP
functional between frontier MO energy and redox parameters
produced by CV measurements, the theoretical data
reasonably correlate with the results of CV experiment This
illustrates the energy gap between redox parameters, where the
theory—experiment deviation is quite small (Table S1).

Theoretical Study and Photophysical Properties of
the Compounds. It is relevant to consider our theoretical
interpretation of the thianthrene spectral properties (Figure
4a) before analysis of the experimental absorption and
emission spectra of the synthesized compounds (Figure 4b—
d). Thianthrene itself provides efficient RTP, but its absorption
at wavelengths exceeding 280 nm is rather weak, which limits
the possible application of thianthrene as an optical ratiometric
sensor. The molecule is nonplanar with similar but symmetrical
distortions in 1,4 dithiin moiety like those observed in
thianthrene derivatives (Figure 2d,e); the S, ground state of
thianthrene belongs to the C,, symmetry point group, and the
excited states calculations were performed at this optimized
geometry.

Geometry optimization of the excited T, and S; states shows
some asymmetrical distortions; at the same time, the optimized
T, state is closer to the coplanar structure. Because of the
absence of the C,, symmetry, spin-vibronic calculations for
phosphorescence analysis are impossible with our facilities.
Thus, we used the S ground-state structure for the qualitative
discussion of SOC effects on RTP.

Our TD DFT calculations (Figure S11 and Table S2)
explain the absence of intense absorption at the wavelengths
above 280 nm by thianthrene. The intense band at 258 nm is
predicted as the EDTM-allowed X'A; — 2'B, transition with
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the large oscillator strength (f = 0.29) and polarization on the
long axis (x). The lowest singlet excited state 1'A, produces a
weak band at 307 nm. The corresponding X'A; — 1'A,
transition is EDTM-forbidden but is allowed in the framework
of the magnetic selection rule. In spite of the large magnetic
dipole transition moment (1.58 yy), the oscillator strength for
this band is rather low (f= 0.89 X 107°), and a large part of the
observed band intensity is explained by the vibronic
perturbation and intensity borrowing from the allowed X'A;
— 2B, transition.

The quadratic response DFT calculation explains the very
weak absorption in the near-UV region (380 and 360 nm) by
S-T transitions with low oscillator strengths of about 1077—
1078 and a radiative lifetime for thianthrene phosphorescence
of 48 ms. Strong SOC perturbations in thianthrene are
determined by the nonplanar structure and o—z mixing at
sulfur atoms that lead to the single-center SOC integral
contributions to the S-T matrix elements. Very similar SOC
effects are expected in the synthesized thianthrene derivatives
because the nonplanar distortion in the 1,4-dithiin moiety is
almost the same.

For the investigation of electronic structures of the studied
compounds in the ground state, the absorption spectra of
dilute toluene and tetrahydrofuran (THF) solutions were
recorded. They are plotted in Figure 4b and Figure S3a. Low-
energy bands in the range from ca. 320 to 390 nm were
observed in the spectra of the solutions of all of the
compounds. This band is red-shifted in comparison to locally
excited (LE) transitions of thianthrene that peaked at 258 and
307 nm (Figure 4a). The low-energy band is assigned to
intramolecular CT transitions from thianthrene moiety to the
antibonding n*-_q orbital and phenyl ring nonbonding MO
having different accepting abilities due to the presence of
halogen atoms.

TD DFT calculations fully support this suggestion (Figures
S12—S14, Tables S3—S8). The first absorption band represents
mostly the HOMO—LUMO single-electron excitation (Figure
3a, Table 2) and almost pure charge transfer transition. For the

Table 2. Comparison of the Structural Parameters of the
Molecule of T4F Optimized by the TD-DFT Method in the
Ground and Excited States

bond length S, state S, state  bond length S, state S, state
C,—C, 1.396 1.414 Cy—=S1o 1.782 1.769
C;—C, 1.400 1416 Cy—=Syo 1.787 1.734
C,—C; 1.403 1.430 C5—0y; 1.226 1.260
C;—Cs 1.400 1418 Ci5—Cys 1.498 1.478
Cs—S, 1.786 1.734 Cyo-Fyy 1.346 1.355
Cy—S, 1.786 1.757 Ci6—Cig 1.405 1.415

solutions in polar THF, these CT bands are enhanced (Figure
4b, Figure S3a) because of additional polarization from the
polar environment, which leads to more delocalized 7-electron
densities among two noncoplanar D—A planes. The electric
dipole transition moment (EDTM) for the CT band depends
on common HOMO—-LUMO contributions from those atoms
that are far separated from each other. This means that the
small contributions from the left side of LUMO and a small
coefficient at the oxygen atom in the HOMO expansion are
important for the CT band intensity, which is determined by
the square of the EDTM value. That is why the polarizing
effect of THF solvent on the CT band intensity is so

prominent because of the EDTM enhancement (Figure 4b,
Figure S3a).

The second excited singlet state S, at ca. 350 nm is
attributed to HOMO-2 — LUMO excitation that corresponds
mostly to the locally excited benzoyl moiety with an essential
nz* character at the C=0 group and a small CT contribution.
TD DEFT calculations predict very low intensity for this Sy —
S, transition in the cases of all studied molecules, but it can
borrow intensity from the near-lying stronger transitions via
vibronic perturbations.

The next more intense band S, — S; (f = 0.11) at 314 nm
(observed for T4F, T2F, T3F, etc.) represents CT, transition
or HOMO-1 — LUMO excitation (Figures S12—S14, Tables
$3—S8). This second D—A charge-transfer band (from the left
part of thianthrene to benzoyl) includes zz* excitation of
benzoyl and zz* in the right part of the thianthrene moiety.
The particularly large charge-transfer to the 7* orbital of the
C=0O0 group can be mentioned (Figures S12—S14). The band
observed at 314 nm band is shifted and deformed in the cases
of some molecules (TBO, T2CI4F), especially for the solutions
in polar THF (Figure 4b, Figure S3a).

The close-lying S, state provides absorption at 294 nm of
similar intensity (f = 0.096 in T4F). This is the HOMO —
LUMO+1 excitation that corresponds to the z—z* transition
inside the thianthrene moiety with simultaneous CT to
benzoyl (Figures S12—S14). For the thianthrene molecule
itself, this is the S, state (‘A;, Table S2). The corresponding
thianthrene band is blue-shifted to 277 nm and forms a wing of
the intense band at 258 nm. The intensity of the S, — S,
absorption depends on the halogen positions according to our
TDDFT calculations. The oscillator strength of the solution of
T3F in the polar solvent (f = 0.067) is much lower than that of
the corresponding solution of T2F (f = 0.117).

Solvents can increase the CT band intensity. Geometry
optimization of the first excited singlet S; state performed by
TD DEFT does not reveal the change of its CT nature and leads
to an increase of the C—C bond lengths in the left benzene
ring of the thianthrene moiety. The excited electron leaves the
HOMO, which is a bonding orbital with respect to C1-C2,
C3—C4, C4—CS5, and C5—C6 bonds. Thus, their bonding
character is decreased upon HOMO—-LUMO excitation. All
these chemical bonds of the left benzene ring are getting
weaker and longer by ca. 0.02 A upon S,—S$; transition (Figure
4, Tables S3—S8). The opposite distortions occur in the C—S
bonds upon excitation because HOMO is an antibonding
orbital with respect to those bonds (Figure 3). Thus, they get
stronger when an electron experiences the HOMO—-LUMO
jump (Figure 3, Tables S3—S8) because those positions are
not active in the LUMO. The electron that leaves HOMO
does not provide an antibonding character for the C—S bonds
anymore, and they are shortened upon excitation. When the
excited electron occupies the LUMO level upon S, — S,
transition, the C=O0O bond becomes weaker because of the
strong antibonding character of the LUMO. At the same time,
the C15—C16 link of the carbonyl group is shortened by 0.02
A because the LUMO increases its bonding character (Figure
3, Tables S3—S8). The LUMO is a nonbonding orbital for the
fluorobenzene ring. Thus, there are no big distortions upon S,
— S, transition in that ring besides small prolongations of the
C16—C bonds, which are obvious from their weak antibonding
features (Figure 3, Tables S3—S8). The LUMO is also slightly
antibonding for the C—F bond that is prolonged by 0.01 A
upon CT transition (Tables S3—S8). The change of the
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Table 3. Photophysical Parameters of the Studied Compounds

Lio/Ls  Tmyns  PLQY,% S,eV T, eV  AEq eV  “PLQYp %  “PLQYppowy % PLQYyi % Tppos, MS
compound Ytoluene ‘MeTHF JZEONEX
T2F 1.67 13.59 47 2.90 2.56 0.34 10 S 15 12.69
T3F 1.37 13.22 38 293 2.60 0.33 16 7 23 11.90
T4F 142 13.60 44 2.96 2.58 0.38 42 42 84 13.67
T26F 1.58 15.22 53 2.83 2.48 0.35 32 11 43 10.00
T34F 1.47 13.28 57 2.94 2.58 0.36 16 7 23 1291
T2CL6F 1.17 15.37 35 2.86 2.48 0.38 27 11 38 13.88
T2CL4F 1.27 15.05 40 2.88 2.54 0.34 24 10 34 13.20
T3CL4F 1.22 13.35 35 2.95 2.58 0.37 15 7 22 12.58
T2CL 1.33 14.82 40 2.9 2.54 0.36 31 14 45 11.92
T4Br 1.4 12.85 39 2.95 2.61 0.34 14 7 23 12.27
TBO 1.34 12.77 35 2.95 2.59 0.36 10 9 19 12.7§
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“Absolute PLQY values of fluorescence measured using an integrating sphere in air. bCalculated PLQY values of RTP (PLQYp,, at vacuum ) by
the formula PLQYpy,, = PLQY,,c — PLQYp. “Calculated total PLQY values (PLQY,,.) by the formula Area,,./Area,, = PLQY,,./PLQY,;, where
Area,,. and Area,, are integrated areas of PL spectra recorded in vacuum and air, respectively (Figure Sb, Figure S3). dDeoxygenated toluene
solutions. “Taken from onsets of PL and phosphorescence (Phos.) spectra at 77K. TFilms of the compounds (S wt %) doped in ZEONEX at room

temperature and in a vacuum.
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Figure S. PL and Phos spectra of MeTHF solutions at 77K (a); PL and Phos spectra (b); and the Phos. decay curve (c) of the sample of 4F (S wt
%) doped in ZEONEX recorded at 296 K and in a vacaum; PL spectra (d); PLQYg, PLQYpy,,, and CIE1931 color coordinates (e) of the film of
the compound (S wt %) doped in ZEONEX recorded at 296 K and in a vacuum. Inset: photos of the molecular dispersions of TBO, T4F, T3CLAF,
T4Br, and T3CL6F (from left to right, respectively) in ZEONEX in an inert atmosphere under UV excitation. Schematic energy diagram (f)
representing relaxation processes of compound 4F. IC and RIC are internal conversion (IC) and reverse IC (RIC), respectively.

position of the halogen substituent in the T3F molecule
provides a small but essential change in the LUMO structure
(Figure S12, LUMO of T3F). The fluorine position is inactive
for LUMO as well as the C1 atom position in contrast to the
situation with the T4F isomer (Figure 3b). Thus, the intensity
of the CT band of the solution of isomer T3F in polar THF is
lower. Thus, the polarization effects increase the shown trend.
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THF solutions of thianthrene derivatives exhibited red-
shifted PL spectra in comparison to the corresponding PL
spectra of toluene solutions because THF is more polar than
toluene (Figure 4c,d). The different combinations of halogen
atoms attached to the phenyl ring cause slightly different
positions of their PL spectra. The peaks in the ranges 500—510
and 508—530 nm were observed for toluene and THF
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solutions, respectively. This shift is well reproduced in our
quantum chemical TDDFT calculations (Table 4). Emissions
of the compounds in solutions should be related to prompt
fluorescence (PF), the lifetimes of which were found in the
nanosecond range (Table 3). The calculated S, « S, transition
dipole moment for PF provides a radiative lifetime of ca. 23 ns
for T4F. This value is in qualitative agreement with the results
of the experimental measurements. The observed PF lifetime is
13.6 ns (Table 3). Apparently, emission quenching additionally
diminishes the observed 7 value.

The thianthrene core may act as RTP-promoting chromo-
phore species, able to provide efficient intersystem crossing
(ISC), because of strong SOC induced by the sulfur atoms in
nonplanar 1,4-dithiin moiety. The phosphorescent properties
of its derivatives can be tuned by substituents.’® Accounting
for Iz* nzm* and mm* states can be used to explain the
phosphorescent properties, high ISC rate, and triplet formation
yield in benzoyl derivative of thianthrene. Accounting for I¥,
nm*, and zz* states can be used to explain the phosphorescent
properties, high ISC rate, and a triplet formation yield of
benzoyl derivative of thianthrene. The [-orbital has a large
localization at the sulfur atom as 3p AO whose axis is declined
with respect to the symmetry plane of the relevant 7-MO; n-
orbital is actually the corresponding 6-MO with strong
localization at the sulfur and oxygen atoms. Because the
SOC operator includes the orbital angular momentum part,
which produces rotation of all AO wave functions around axes,
this anisotropy of all mentioned orbitals leads to large one-
center SOC contributions from relatively heavy S and O
atoms. Thus, the SOC matrix elements between S and T states
of those Iz*, nx*, and #z* configurations provide an increase
of ISC and RTP rates.

White Emission and Oxygen Quenching. It should be
noted that the PF intensity and PF lifetimes of the compounds
are very sensitive to the presence of oxygen in the solutions
(Figure 4ef, Figure S3). For example, the deoxygenated
toluene solution of T2F showed more intense PF by a factor of
1.67 than in case the air equilibrated solution (Table 3). The
enhancement of the signals was also observed by recording the
corresponding PF decay curves (Figure Sc). Similar behaviors
were detected for the solutions of the other compounds
studied (Figure S3, Table 3). Fluorescence intensity enhance-
ment is apparently not related to the reverse intersystem
crossing of energy from triplet excited states to singlet excited
states. Delayed fluorescence was not observed for deoxy-
genated toluene solutions of the compounds. The compounds
are characterized by the relatively high triplet—singlet energy
splittings (AEgr higher than 0.3 eV (Figure Sa, Figure S4, and
Table 3)).*” On the other hand, nonradiative losses of excited
CT states of the compounds decreased after oxygen removal
from the solutions. The nonradiative losses of fluorescence are
apparently related to the ISC relaxation from singlet to triplet
excited states. When the organic chromophore is in collision
with the triplet oxygen molecule, the T-S transitions inside the
chromophore moiety are not forbidden by the spin selection
rule for the whole collision complex.”® Thus, the high
concentration of oxygen in the solvent leads to the quenching
of both the fluorescence and phosphorescence of the organic
chromophore. The RTP quenching is more efficient than that
of PL due to the spin-allowed T-T energy transfer to oxygen
with the singlet oxygen generation.”® The quantum chemical
calculations show that the presence of oxygen in organic
solvent diminishes the radiative rate constant for the radiative
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transition S; — S, (fluorescence) because its dipole transition
moment is depleted by intensity borrowing for various
forbidden bands.***” In contrast, the absence of oxygen
leads to the less efficient ISC and the higher radiative rate of
the excited singlet state manifested as the enhanced PF
intensity. As a result, the deoxygenated toluene solutions
showed PLQYs in the range from 35 to 57% and PF lifetimes
of 12.77—-15.37 ns. Considering compound TBO as the
reference, the increased PLQY and PF lifetimes of other
compounds containing halogen atoms were obtained (Table
3).

These PLQY values are still much lower than 100%
apparently because of the incomplete restriction of ISC by
deoxygenation because the intrinsic SOC inside the organic
chromophore still remains. Organic compounds with efficient
ISC typically show RTP.*”** The emission spectrum of the
T4F molecule calculated by the TDDFT method at the
optimized geometry in the S, excited state is given in Table 4.
It is similar to those of other halogen derivatives. The lowest
triplet state, T, produces phosphorescence at 605 nm.

Table 4. Emission Spectrum of the T4F Molecule at the
Optimized Geometry in the S; Excited State

state A4, nm oscillator strength f wave function AE, eV

T, 605 0 0.65(87—88)—0.20(87—-89)  2.05
S, 497 0.058 0.70(87—88) 2.50
T, 451 0 0.58(85—88) 2.75
T, 428 0 0.59(87—-89) 2.90
Sy 357 0.009 0.65(87—89) 3.47

Vibrational effects of organic molecules typically hinder
emissive relaxation of long-living triplets at room temper-
ature.*’ Therefore, such effects should be taken into account
when studying RTP properties of organic materials. Usage of
rigid hosts (such as inert polymer ZEONEX,** polystyrene,**
or poly(methyl methacrylate)*’) is one of the good approaches
that allows efficient prevention of vibrational quenching effects
of the triplet organic molecules.”> The RTP properties of the
layers of the compounds (S wt %) doped in ZEONEX were
studied (Figure Sb—f, Figure S4). In air, because of the low
polarity of ZEONEX,** the films of the molecular dispersions
of the compounds in the ZEONEX showed slightly blue-
shifted PL spectra in comparison to corresponding spectra of
the polar solutions (Figures 4c,d and S, Figure S4). That
fluorescence is CT in nature. The spectra are observed in a
different spectral range than the LE fluorescence of thianthrene
in solid state (Figure Sb).

After O, evacuation, an additional low-energy band
(shoulder) appeared. This band is attributed to RTP because
of its similarity to the phosphorescence spectra of the
corresponding frozen THF solutions recorded at 77K (Figure
S4). Emissive relaxation of the triplet states of the compounds
leads to an increase in the corresponding PLQY values. For
example, the layer of TBO is characterized by PLQYs of 10
and 19% in air and in vacuum, respectively (Table 3). The
calculations of PLQYs of the films under a vacuum were
carried out according to the procedure described elsewhere
(see also footnotes of Table 3)."* The total PLQY values of
practically all other compounds were higher than those of
TBO. Figure S and Figure S4 show RTP spectra that were
separated from fluorescence spectra using a delay time after
excitation of 1 ms. The compounds were found to have RTP
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Table S. Relaxation Rates and Color Parameters of the Thianthrene Derivatives

compound kg, X107 571 kR %107 7! Kphoss $~°
T2F 3.46 3.90 3.94
T3F 2.87 4.69 5.88
T4F 3.24 4.12 30.72
T26F 3.48 3.09 11.00
T34F 4.29 3.24 542
T2CL6F 2.28 423 7.93
T2CL4F 2.66 3.99 7.58
T3CL4F 2.62 4.87 5.56
T23CL 2.70 4.08 11.74
T4Br 3.04 4.75 5.70
TBO 2.74 5.09 7.06

kin %107 s~ CIE (x, y) CRI Te, K
0.37 (0.26, 0.34) 71 7879
0.53 (0.26, 0.33) 73 8123
3.09 (0.32, 0.39) 79 5101
0.72 (0.25, 0.35) 70 8279
0.53 (0.25, 0.33) 74 8493
0.72 (0.26, 0.35) 74 7559
0.66 (0.27, 0.36) 74 7081
0.52 (0.24, 0.31) 72 9753
0.94 (0.28, 0.37) 74 6549
0.54 (0.27, 0.35) 73 7011
0.70 (0.32, 0.37) 79 5275

lifetimes ranging from 10.00 to 13.88 ms (Figure Sc, Figure SS,
Table 3). The intensities of PF and RTP bands are comparable
in the case of TBO and T4F, resulting in CIE1931 color
coordinates of (0.32, 0.37) and (0.32, 0.39), respectively,
which are close to (0.33, 0.33) of natural white (Figure Se,
Table S). In addition, relatively high CRI values of 79 were
obtained for TBO and T4F (Table 5). Optimization of the
concentration of compounds in ZEONEX can allow additional
optimization of the CIE1931 color coordinates according to
the user needs (Figure S6, Table S9).

For understanding of the mechanism of the white-light
emission of the studied compounds in more detail, the rate
constants of radiative (fluorescence) (k) and nonradiative
(k,.) deactivation of singlets, the rate constants of radiative
(RTP) deactivation of triplets (kpn), and the maximum
(k%) and minimum (k32) rate constants of ISC were
calculated using the following formulas (Table S):

Mgy
kg = —
T (1)
_ 1 - Mgy
knr -
T ()
Mphos.
kPhos‘ = =
Tphos. (3)
i Mphos. 1=y
fgg: TOS S ke < - = Irgéx )
Fl Fl

In these formulas, the maximum rate constant of ISC was
obtained assuming that nonradiative deactivation of all singlets
is related to the ISC processes (ki = k,.).”" The highest kp,,
value of 30.72 s™' was obtained for compound T4F with the
highest PLQY value of 84% (Tables 3 and ). Reflecting the
most efficient RTP, the highest k32 value of 3.09 X 107s™" was
also observed for compound T4F. This k3¢ value is practically
the same as its kg value (3.24 X 107s™'). Such observation
allows us to suggest that the balance between the rate
constants kg and kg is required for the activation of efficient
fluorescence and RTP after reaching the “perfect” energy
distribution between singlet and triplet states (Figure 5f). The
special energy mapping of excited singlet and triplet energy
levels is required for the perfect energy distribution.

Halogen substituents attached to benzoyl moiety do not
influence the RTP and the rate constant kp,,, as internal heavy
atom (IHA) effect rather peculiar; for example, the halogen
orbital admixtures of T4F and T3F in the low-lying T and S
states (Figures S15—S16, Tables S3—S8). The SOC mixing
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between S and T states in T4F is more efficient being mainly
arranged by nonplanarity of the thianthrene moiety and
sulphur atoms contributions, but simultaneously SOC is
sensitive to the halogen THA effect.

B CONCLUSIONS

Eleven thianthrene-based luminophores containing different
halogen atoms were synthesized. All the compounds show
bright fluorescence in solutions and in the solid state with
PLQYs reaching 57 and 42%, respectively. The compounds
doped in rigid polymeric host at room temperature also exhibit
efficient phosphorescence with PLQYs reaching 42%. Because
of the equally efficient blue fluorescence and orange room
temperature phosphorescence, one compound demonstrates
white emission with high PLQY value of 84% and relatively
good quality of white (T of ca. 5100 K, CRI of 79, and
CIE1931 color coordinates of (0.32, 0.39)). The key reason for
such white emission of single molecules is the balance between
the rates of radiative transition from singlet states (3.24 X 107
s™') and intersystem crossing (3.09 X 107 s7'). Such
photophysical properties of the synthesized thianthrene
derivatives can be explained by their structural peculiarities.
The C—S bonds in the upper part of the thianthrene ring are
different. The Cy—S;, bond is shorter by 0.0052 A than the
C,—S)o bond. This is a pure result of perturbation by the
carbonyl group. It is shown that the effect of halogen atoms on
the asymmetry of the thianthrene ring is rather small. The
main effect on the para-asymmetry of thianthrene with respect
to C=O0 substituents is caused by this carbonyl group. The
Cy—Sy link is situated along the para-diagonal Co—C 3—Cy;,
and the strongly polar carbonyl group (acceptor) provides a
strong influence on the bond length.

The strong twist around the S---S axis being pertinent to
thianthrene provides efficient 6—7 mixing of orbitals, which is
responsible for large SOC contributions at sulfur atoms to the
ISC perturbations between S and T states. At the same time,
the carbonyl group represents an efficient link for hyper-
conjugation between noncoplanar z-systems of the D—A
moieties. The corresponding dihedral angle between D—A 7-
systems is far from orthogonality (ca. 34°), and the right
terminal part of thianthrene is well conjugated with the -
system of benzoyl moiety. Thus, several new absorption bands
starting from the near-UV region occur in the synthesized D—
A compounds of the mixed complicated CT nature, including
also local 7—7* excitations in the right ring of thianthrene and
in benzoyl.
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