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ABSTRACT

Thianthrenes have been nearly forgotten as phosphors in recent years, but are now coming back,
showing their strong potential in luminescent applications. Here, we present a comprehensive
photophysical study of a carbazolyl derivative of thianthrene in different matrices and
environments. The diffusion of oxygen is slowed down in the rigid environment of thianthrene
organic crystals suppressing their phosphorescence quenching, as well as triplet-triplet
annihilation. This facilitates the observation of simultaneous fluorescence and phosphorescence
emissions at room temperature, in air, giving origin to strong white luminescence. Moreover, the
color coordinates of the dual fluorescence-phosphorescence white emission, which is observed

only in rigid amorphous media and in crystals, can be tuned.

1. INTRODUCTION

Thianthrenes have attracted attention due to their high triplet formation yield and strong
phosphorescent properties in the solid state.!* Spin-orbit coupling interactions induced by the
nrt* transitions and the heavy-atom effect caused by the presence of sulfur, lead to its remarkable

phosphorescent properties.>”’

As a result, thianthrene and its analogs are mediocre
photoluminescence emitters in conditions where the triplet state is effectively quenched by the
surrounding environment, i.e. in solution or in the presence of oxygen.®’ Interestingly, some
authors have previously described that diquinoline derivatives are relatively highly-luminescent
in aerated solutions, despite being closely related with thianthrene or phenothiazine bearing one
or two single sulfur bridges.!” This underlines the potential role of fine structural tuning of the

electronic states to optimize the contribution of the sulfur atoms in order to promote efficient

spin-orbit coupling and triplet harvesting to the luminescence mechanism. The key to facilitate



the observation of phosphorescence at room temperature is to remove the causes of luminescence
quenching, i.e. reducing the non-radiative decay rate and removing or reducing the effects of
quenching caused by oxygen. As it has been shown in previous works,"*!!"!3 the non-radiative
decay rate can be suppressed when the compound is dispersed in a rigid solid matrix. This can be
either a polymeric or small molecule host. However, even in a rigid host, when the rate of
oxygen diffusion is sufficiently fast, no phosphorescence is observed while the sample is
surrounded by air. This effect is often used to confirm the triplet origin of the phosphorescence
emission.!*!> On the other hand, if the oxygen diffusion is effectively reduced in the host
material, such as it happens in B-estradiol,!* or in molecular crystals,'¢ strong room temperature
phosphorescence (RTP) in ambient conditions may be observed. The only requirements for a
RTP host is thus to create conditions for the slow non-radiative decay of triplet states and ensure
low oxygen permeability at a certain temperature. However, when the natural decay time of an
emitter is relatively short, then the rigidity or oxygen permeability of the host become less
important.'”

It is also worth to note that frequently due to the presence of an effectively large singlet-triplet
energy gap in most RTP emitters, thermally activated delayed fluorescence (TADF) is not
observed in such systems.”!*!%!° Finally, the combination of fluorescence and phosphorescence
in adequate proportion and color (i.e. blue + yellow/orange) can result in white
photoluminescence.?’ Therefore, dual fluorescence-phosphorescence can for example be
interesting to the development of advanced anti-counterfeiting inks, which exploit the change in
emission color of the ink under UV illumination and after the illumination has been switched

off.?!



In this work a thianthrene derivative (Figure 1 a) showing dual fluorescence-phosphorescence
properties in the presence of air in the solid form is investigated. The compound is similar to
thianthrene, which is also used for comparison, and shows room temperature phosphorescence
emission in the crystal form, as a result of aggregation enhanced emission. Interestingly, the
effect of crystallization can also be observed in blend films with the popular 1,3-bis(N-
carbazolyl)benzene (mCP) OLED host. The film obtained by slow crystallization of the blend at
room temperature shows remarkable phosphorescent properties, with a 30% luminescence
quantum yield, and 60-70% contribution to the total photoluminescence due to the

phosphorescence. Remarkably, this observed in the presence of air and at room temperature.

2. RESULTS AND DISCUSSION
2.1 Photoluminescence and absorption spectra in solution

The absorption spectrum of CbTT (Figure 1 b) clearly shows the contribution from both
building units: the thianthrene and carbazole. Very characteristic absorption bands peaking at
Amax = 337 nm and Amax = 292 nm are originated from carbazole, and can be found in several
carbazole derivatives.!”> On the other hand, the absorption band at Amax = 258 nm is clearly
originating from thianthrene. This situation is a strong indication that thianthrene and carbazole
are not well conjugated. A previous study' has shown that the nn* absorption band in thianthrene
(Amax = 258 nm) shifts when its conjugation is extended, while in CbTT this does not happen.
Therefore, this observation confirms that no strong conjugation occurs in CbTT between the
carbazole and the thianthrene moieties. It is however expected, that similarly to the other
molecules with N-carbazolyl substituent, the dihedral angle between carbazole and thianthrene
phenyl ring will be close to 60°, rather than the 90°expected for a perfect orthogonal

orientation.?>?* This is further confirmed by ground state geometry calculations performed using



density functional theory (Figure S13, S14), indicating the dihedral angle between carbazole and
phenyl ring equals 53.1°. Also, the HOMO is localised mostly on the carbazole moiety,
suggesting a stronger electron-donating property of this unit relatively to thianthrene. This is
consistent with the electrochemical characteristics of the molecule (Figure S12) indicating non-

reversibility®® 2

of the oxidation process as typically for carbazole.?>?* HOMO located on the
thianthrene would result in a reversible oxidation cycle.3®*! LUMO is on the other hand situated
on the thianthrene moiety.

CbTT emits weak blue fluorescence in methylcyclohexane (MCH) solution. The emission
spectrum is given in Figure 1b and the fluorescence quantum yield in Table 1. This is similar to
pure thianthrene. However, the emission of CbTT appears to be much stronger than that of
thianthrene due to the absorption bands in the range of 270-350 nm showing a higher molar
absorption coefficient and oscillator strength in CbTT that is not observed in thianthrene. The
fluorescence of CbTT decays with 9.4 + 0.4 ns lifetime in degassed methylcyclohexane (MCH)
solution, with almost no effect of oxygen on its intensity. As fluorescence occurs from the singlet
state the fast radiative decay, this observation indicates that the singlet state decays radiatively
much faster than it is quenched by oxygen molecules. However, no phosphorescence nor delayed
fluorescence is observed in a degassed solution. Showing the triplet state population is strongly
quenched in solution even in the absence of oxygen, probably due to collisions with solvent

molecules. This is consistent with the common experimental observations of phosporescence

quenching in liquid medium for many other molecules.
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Figure 1. a) Molecular structures of the compounds studied in this work. b) Photoluminescence

and absorption spectra of CbTT (10~ M) and thianthrene (5x10”° M) in methylcyclohexane.

2.2 Film and powder XRD study: crystallization vs. photoluminescence color

The rigidity in the crystal form is of vital importance for observation of CbTT
phosphorescence in ambient conditions (see later in the text). For this reason, XRD studies were
used to characterize the crystal form, and differentiate from conditions where CbTT is on its
amorphous form. Both powders of CbTT and thianthrene analyzed in this paper are clearly in
their crystal forms (Figure 2 a). However, the fresh films of CbTT in mCP and DPEPO (bis|2-
(diphenylphosphino)phenyl]ether oxide), both with 10% w/w doping concentration, see Figure 1
a, are amorphous. However, the film doped in mCP crystallizes over time at room temperature.
This film is identified as “old”. No crystallization was observed in the CbTT film in DPEPO
host, either over time at room temperature or upon heating and cooling cycles. It is worth to note
that the diffraction pattern of the crystal CbTT/mCP film does not contain diffraction peaks of
single materials in their powder form. This is a strong indication that the blend CbTT/mCP

forms a co-crystal. It is further shown in the photophysical study that the luminescent properties



of CbTT are clearly different in the co-crystal, single crystal and when doped in zeonex. Such
behavior agrees with the conclusions from the XRD study.

All crystalline samples show relatively balanced dual fluorescence-phosphorescence emission,
thus creating white photoluminescence (Figure 2 b). The thianthrene crystal shows white-
greenish photoluminescence in air, CIE (0.32, 0.43), and the CbTT crystal shows warm white
luminescence,*>** CIE (0.29, 0.31), whereas the crystallized film (old) of CbTT in mCP shows
cool white emission,*>* CIE (0.36, 0.37). In contrast, the amorphous film (fresh) of CbTT in
mCP emits weak sky-blue fluorescence, CIE (0.18, 0.16), all in the presence of air. The
photoluminescent properties of the blends and crystals are described later in the text.

The results show the effect of rigidity in ordered assemblies, such as organic crystals and co-
crystals, to promote RTP by suppressing large-amplitude vibrations, and collisions with host
molecules, (as those present in fluid medium), which could contribute to the non-radiative decay
of the triplet state, and also probably reducing the permeability to oxygen under ambient

conditions. This facilitates potential commercial use of these systems as no film encapsulation is

necessary.
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Figure 2. a) XRD diffractograms of investigated powders and films; b) CIE1931 diagram

showing color coordinates of investigated solid state samples.



2.3 Photophysical study of crystalline powders

The emission from the solid powders was collected from the compounds as obtained, i.e. in the
form of crystalline powders (see Figure 2 a). Interestingly, the photoluminescence of CbTT and
thianthrene in the crystal forms is significantly different than in solution (see Figure 3).
However, both compounds show blue fluorescence, similarly to that observed in MCH solutions,
and also relatively strong room temperature phosphorescence, in the presence of air. CbTT
clearly shows dual fluorescence-phosphorescence emission, whereas thianthrene, due to
dominating contribution of triplet emission is nearly purely phosphorescent. Therefore, the
CbTT powder shows photoluminescence which is closer to white. The excitation spectra of both
crystals show that the absorption in the crystals is different than that of isolated molecules in
solution (compare Figure 3 with Figure 1). Both powders can be excited with light up to 400
nm, i.e. at much longer wavelengths than the excitation region that is available in solution — this
suggests the existence of aggregates in both crystal forms.

Four emission maxima can be indicated in the photoluminescence of the CbTT powder, Amax =
407, 426 nm in fluorescence and Amax = 526, 553 nm in the phosphorescence. On the other hand,
the photoluminescence of thianthrene crystals is less complex, and only one maximum Amax =
533 nm is observed. From the properties presented here it is concluded that CbTT and
thianthrene clearly show aggregation induced phosphorescence emission properties. The
observation of aggregation induced luminescence is well known to be due to suppression of
large-amplitude rotations in the molecular structure due to the interaction with molecular
neighbors. Aggregation induced emission is usually reported on fluorescence, i.e. affecting
emission from the singlet state. However, we believe the same is happening here. The transition

between the triplet and the ground singlet state is forbidden by spin. This makes the intrinsic



decay rate of the triplet state slower than the singlet state, and thus more susceptible to be
affected by quenching processes such as collisions with host molecules and oxygen molecules,
has it often happens in solution. Additionally, the triplet state is also at lower energy than the
singlet state, which according with the golden rule for radiationtless transitions contributes to
enhance luminescence quenching, because the non-radiative decay rate of electronic excited
states increases as the energy gap decreases, since coupling with higher vibrational levels of the
ground state, associated with large-amplitude molecular movements, is enhanced. All these
factors are strongly suppressed in solid rigid medium, such as in the crystalline powder and
amorphous films studied here, which strongly limit large-amplitude motions, and collisional
quenching with host molecules. Therefore, the radiative decay rate from the triplet state is able to

compete with non-radiative decay processes and phosphorescence is observed.
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Figure 3. Photoluminescence and excitation spectra of crystalline powders in air.

Time-resolved photoluminescence studies of these powders reveal a complex behavior in both
compounds. It is however interesting that both powders behave similarly. Three components are
identified in photoluminescence decay: prompt and delayed fluorescence and phosphorescence

(Figure 4). Indeed a similar observation was previously reported for thianthrene crystals,** but



not fully explained. In thianthrene the prompt fluorescence decays with tpr; = 2.3 + 0.1 ns, and
e = 8.2 + 0.5 ns, followed by delayed fluorescence decaying with tpr1 = 160 = 20 ns, and Tpr2
= 15 £ 3 ps. Finally, at longer times the phosphorescence decay is observed with tpy = 12 £ 5
ms. In CbTT the fluorescence decays with time constants equal to tpr = 6.3 + 0.5 ns, due to
prompt fluorescence, and tpr1 = 0.20 + 0.02 ps, and tor2 = 1.4 = 0.1 ps, due to delayed
fluorescence, and finally the phosphorescence decaying with tpa1 = 6 = 1 ms, and tpa2 = 23 + 4
ms, respectively.

In both cases, the spectra associated with the delayed fluorescence diverge from the prompt
fluorescence, showing significant spectral shift. This suggests the existence of two different
populations of excited states in the powder form, probably due to the presence of different
conformers or aggregates. In the case of CbTT the delayed fluorescence appears at relatively
higher energy than the prompt fluorescence (Figure 4 ¢). This is in contrast with the delayed
fluorescence of thianthrene, which appears at slightly lower energy than the prompt fluorescence
(Figure 4 d). The most probable reasons why the delayed fluorescence in the crystal forms
appears at different energies than the prompt fluorescence are possible changes in the geometry
of the excited states involved, either between the singlet and triplet states themselves or between
the populations of conformers and/or aggregates. The delayed fluorescence, regardless of the
mechanism by which it is created, (i.e. TTA or TADF), is originated from the triplet state, and
may be strongly affected by conformation, and aggregation. The efficiency of TTA, for example,
is controlled by triplet-triplet encounters, which are facilitated in aggregates, and the TADF
efficiency is known to vary largely with molecular conformation. Therefore, whereas one of the
populations may be able to give origin to strong delayed fluorescence, the other might be

inactive in regard of TADF or TTA. This is especially possible in the rigid, densely-packed,
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environment in the crystal. We should therefore not be surprised by the observation of slightly
different emission spectra between prompt and delayed fluorescences.

It is also worthy of notice that the delayed fluorescence of thianthrene is a first order process.
This is indicated by the power-dependence experiment (Figure S3), thus it can be assigned to a
thermally activated delayed fluorescence mechanism (TADF).*> In contrast, the delayed
fluorescence in CbTT shows mixed contributions of TADF and triplet-triplet annihilation
(TTA). Note however, that the observation of relatively fast TADF in thianthrene, material with
S-T gap of ca. 0.4 eV is rather unusual.’

Remarkably, as already mentioned, the two powders show prompt and delayed fluorescences,
and phosphorescence at room temperature in air. Besides the effect of suppressing luminescence
quenching due to collisions with host molecules and large-amplitude vibrations, the two
crystalline powders also form a low permeability environment to oxygen, which allows the
phosphorescence rate to be able to compete with the quenching rate of the triplet population by
oxygen. In the case of thianthrene, whose crystals are larger, there is virtually no effect of
oxygen on the emission (Figure S1). However, in the case of CbTT the effect of oxygen on the
emission intensity is noticeable upon degassing the sample, which suggests some degree of
oxygen quenching, however still insufficient to quench the phosphorescence completely. Both,
the steady state spectra (Figure S1) and the time-resolved emission decays (Figure S2) show
less delayed fluorescence, but more phosphorescence emissions in vacuum than in air. This
shows that the direct triplet decay to the ground-state (phosphorescence) is more affected by
oxygen than the delayed fluorescence, which involves relatively faster reverse intersystem

crossing, and thus is less prone to quenching due to slow oxygen diffusion.
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Figure 4. Time-resolved photoluminescence study of crystalline powders at room temperature in
the presence of air. a) Photoluminescence decay of CbTT powder in air; b) photoluminescence
decay of thianthrene powder in air; c) time-resolved spectra of CbTT powder in air; d) time-

resolved spectra of thianthrene powder in air.

2.4 Photophysical study of CbTT blends

The luminescence from CbTT dispersed in different organic matrices is discussed in this
section. This study was performed to find an optimal matrix to observe room temperature
phosphorescence of the studied thianthrene derivative. Three different blends of CbTT were

investigated: 1% in zeonex polymer matrix, 10% in DPEPO, and 10% in mCP. The high doping
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ratio (10%) was used to quench host emission, mCP and DPEPO, as by using 1% doping this
could disturb the study. The blend with mCP was investigated as fresh (new) and as conditioned
(old), as previously described. All blends were obtained by drop-cast from toluene solutions at
90°C (for details see SI). The three blends formed clear, glassy, transparent solid films. The
blends were conditioned in ambient conditions for 14 days. After this period it was observed that
the films with zeonex or DPEPO matrix kept their transparency and photoluminescence
properties, in particular only a weak blue fluorescence in the presence of air was observed.
However, the film in mCP matrix has been found to be cloudy, non-transparent, with a white
ivory hue. Interestingly, the photoluminescence changed from weak blue in fresh (new)
mCP/CbTT film to strong white-greenish luminescence in the old film. This observation
suggests that the CbTT molecules in the film start to aggregate over time, forming larger
domains which strongly scatter visible light, giving an impression of white color. This
observation is however a strong indication of crystallization, as it was confirmed by XRD
(Figure 2 a). This is in clear contrast with CbTT films in zeonex and DPEPQO, which remain

amorphous and show no sign of crystallization occurring over time.
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Figure 5. Photoluminescence of CbTT blends in different conditions. Amax = 355 nm excitation
was used in experiments shown in Figure 5a, 5c¢, 5d, while emission spectra in Figure 5b were
recorded with Amax = 300 nm. Note the second harmonics peak of the excitation beam in Figure

5b (=600 nm) is not shown for clarity.

Steady-state emission spectra of the investigated blends are presented in Figure 5. It is very
interesting to note that the photoluminescence behavior of CbTT in both zeonex and DPEPO is
very similar. In both cases showing relatively weak fluorescence in the presence of air, and
strong broad phosphorescence in vacuum. Whereas, the phosphorescence lifetime is not

identical, it is very similar in both hosts (Table 1). Even the phosphorescence spectra are nearly
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identical in both samples (Figure 5). This shows that in hosts of different polarity, non-polar
zeonex and polar DPEPO?®®, the behavior of CbTT is very similar (if not identical). On the other
hand, the fresh (new) blend with mCP shows much smaller contribution of phosphorescence
under vacuum, and the phosphorescence is shifted to the red region, being similar to the
phosphorescence of the crystalline CbTT powder (Figure 6 b). Additionally, the lifetime of
phosphorescence is here much shorter than in the crystalline state observed in powders,
suggesting more effective non-radiative decay than in the powder form. However, the similarity
of the phosphorescence spectra of CbTT in mCP and in powder form also suggests that the weak
phosphorescence may be originated from small crystallites of CbTT dispersed in the mCP
matrix, rather than from a blend or co-crystal. These crystallites however, due to their small size,
show larger oxygen permeability, thus their emission is effectively quenched by air. The
crystallites are however too small and only account for a trace amount in the sample, and are thus
not visible in XRD studies. Interestingly, the prompt fluorescence spectra are not that much
affected by the host, all being similar in different environments. In contrast, the thianthrene
prompt fluorescence and room temperature phosphorescence are different in zeonex and

crystalline powder, as both are red-shifted in the crystalline state (see Figure 6 c).
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Figure 6. a) Prompt fluorescence (PF) and b) phosphorescence (PH) spectra of CbTT in
different environments recorded at room temperature. c) Prompt fluorescence and
phosphorescence spectra of thianthrene crystals and doped in zeonex matrix. d) Time-resolved
decay of CbTT in different matrices. Results referring to crystalline CbTT and thianthrene and

conditioned mCP blend were recorded in air. All results recorded at room temperature.

Remarkably, the photoluminescence of CbTT/mCP blend after crystallization (old) is totally
different than in the fresh film or in any other matrix or in powder. The main similarity between
this blend and the powder is that in both cases dual fluorescence-phosphorescence is observed in

the presence of air. In fact, this blend shows no effective oxygen quenching, which again
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indicates reduced film permeability to oxygen in the crystal form. The crystallized (old) blend
CbTT/mCP film, therefore, shows strong luminescence with remarkable contribution of room-
temperature phosphorescence, with a total photoluminescence yield (®pr) of 30%, and in the
presence of air, whereas the fresh film shows only ®prL =10%. Very close ®pL = 30% value is
observed in zeonex, however only when oxygen is removed. It is also very interesting that CbTT
is not affected by the host polarity (vide zeonex and DPEPO), yet affected by host crystallinity
(vide mCP). The phosphorescence spectrum in crystal CbTT/mCP film is even more red-shifted
than in CbTT crystals. All these observations suggest that the CbTT molecule clearly shows

aggregation induced phosphorescence and aggregation enhanced emission,’’

as the quantum
yield increases in solid state due to the aggregation of CbTT molecules (note the
photoluminescence quantum yield in solution ®@pr = 0.04).

In the case of CbTT blends, the host plays a crucial role of creating a rigid environment to
reduce triplet population quenching and to facilitate efficient RTP. Zeonex and DPEPO also
perfectly reduce the quenching of triplet states by strongly limiting large-amplitude motions in
the emitter, and collisional quenching with host molecules due to their relatively high glass
transition temperature or melting point.*>* However, these hosts are highly permeable to
oxygen and RTP is entirely quenched in air. On the other hand, the less rigid mCP with much
lower t, = 55 °C *° does not effectively suppress the non-radiative decay of the triplet state, but
after crystallization of the CbTT/mCP matrix the CbTT surroundings become more rigid, and

much less permeable to oxygen. These conditions are in favor to facilitate room temperature

phosphorescence in the presence of air, which is indeed observed.
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Table 1. Spectroscopic characteristics of CbTT and thianthrene in different environments.

Compound | Sample ArL, nm?* S1 / Ti, | TPF, NS¢ TpPH, ms? ®pL ©
form eVP
MCH  solution
(105 M) 435 3.17/- 94404 - 0.04
1:99 zeonex

532 3.18/2.69 | 7.4+04 26.5+0.6 0.27

blend
1:9 ~ DPEPO | 5,¢ 310/271 | 3.5+02 21.6+0.5 -
blend

CbTT 1:9 mCP blend 0.9+0.2 (71%)
(fresh) 435,518 3.15/2.62 | 5.1+02 0.10

4+ 1(29%)

1:9 mCP blend

450, 570 3.10/2.52 85+0.1* 6.9+£0.2% 0.31*
(old)
crystalline 23 £4 (53%)
powder 426, 553 3.12/2.56 6.3+£0.5% -

6+ 1 (47%)*

MCH  solution

(5-10° M) 431 3.18/- - - 0.03
1:99 zeonex
. 535 3.13/2.70! 11.3+£0.6 18+ 1! -
Thianthrene | blend
crystalline 2.3+0.1 (61%)
powder 533 3.03/2.61 12+ 5% -

8.2+ 0.5 (39%)*

* Measured in air. The differences in the lifetimes recorded in vacuum were not statistically
significant showing no oxygen effect on lifetime.  Photoluminescence maxima in vacuum; °
Onset singlet and triplet energy from room temperature spectra in vacuum; © Prompt fluorescence
lifetime at room temperature in vacuum — please note, the lifetime of delayed fluorescence
observed in crystals is not shown here; ¢ Phosphorescence lifetime at room temperature in
vacuum; ¢ Photoluminescence quantum yield at room temperature in oxygen-free conditions. The
values present an average error of + 0.01 for solution measurements and + 0.05 for solid-state
measurements.

3. CONCLUSIONS
A thianthrene derivative was shown to present aggregation induced phosphorescence emission
at room temperature, and in the presence of air. These remarkable properties of the CbTT

crystalline powder and of CbTT/mCP blend were investigated and compared with a close
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photophysical study of the parent compound thianthrene. The room-temperature
phosphorescence and dual fluorescence-phosphorescence emission of CbTT show air-resistant
phosphorescence when dispersed in the mCP host, after crystallization, and in the powder form.
However, when CbTT is dispersed in zeonex and DPEPO no crystalization occurs and the
room-temperature phosphorescence is completely quenched by oxygen. The phosphorescence of
the blend can hardly be distinguished by the naked eye, but it is easily distinguished with a
detector working with frequency above 30 Hz. Films showing dual fluorescence-
phosphorescence at RT in air can be used to produce anti-counterfeiting markers that do not

obviously look different from regular fluorescent marks.?!
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