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Sienkiewicza 112, 90-363 Łódź, Poland; puznansk@cbmm.lodz.pl

* Correspondence: pbalczew@cbmm.lodz.pl

Abstract: While few studies show only symmetrical and poorly mono-SOn (n = 0–2) substituted
acenes, in this study, we present a synthesis of a new group of unsymmetrical, significantly substituted
derivatives, which revealed unique photophysical properties. Both sulfides (S), sulfoxides (SO) and
sulfones (SO2) showed very high photochemical stabilities, unusual for these groups, during UV-
irradiation at 254/365 nm (air O2 and Ar), which was higher than any found in the literature.
For the (S)/(SO) series (254 nm), the stabilities of 80–519 min. (air O2 and Ar) were found. At
365 nm, stabilities of 124—812 min./(air O2) for (S)/(SO) and higher for (SO2) were observed.
Photoluminescence lifetimes of (SOn) of the lower anthryl symmetry remained in the following order:
(SO2) < (S) < (SO); those with full symmetry were in the following order: (S) < (SO) < (SO2). The
enhanced photostability was explained with DFT/MS/Hammett’s constants, which showed the
leading role of the SOn groups in stabilization of HOMO/LUMO frontier orbitals. The SOn (n = 0–2)
substituted acenes turned out to be tunable violet/blue/green emitters by oxidation of S atoms and
the introduction of rich substitution.

Keywords: aromatic sulfides; aromatic sulfoxides; aromatic sulfones; optoelectronic materials;
photostability; photooxidation; light emitters; photoluminescence lifetimes

1. Introduction

(Hetero)aromatic sulfoxides (SO) and sulfones (SO2), the oxidized analogs of the corre-
sponding sulfides (S), have recently been investigated as low molecular weight and polymeric
materials in optoelectronic devices, such as: organic light-emitting diodes [1–8], solar cells [9,10],
chemosensors [11–13], photosensitizers [14], photoreactive inks [15], redox switches [16] and as
compounds exhibiting other interesting electronic and photophysical properties [17–21]. They
have also been reported as useful pharmaceuticals [22,23] and agrochemicals [24].

Due to the high electronegativity of oxygen, the sulfoxide S(O) and sulfone S(O)2
moieties are powerful electron-withdrawing groups in comparison to the sulfide precur-
sors. Electron character of the latter deserves, however, a comment. The sulfide groups
become quite strong electron donors when attached to electron-poor aromatic systems,
while, when attached to electron-rich aromatics, they turn into weak acceptors [21]. The
sulfur bridges between two (hetero)aromatic moieties exhibit tetrahedral geometry that
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can reduce the p-conjugation length to effectively develop blue emitters [25]. In polymeric
materials, the limited conjugation endows the polymers with a weak optical absorption and
a high transparency in the visible region [9]. The S(O) or S(O)2 bridges, between two (het-
ero)aromatic moieties, may deepen the frontier molecular orbital energy levels, and hence
improve the electron collection and the hole blocking abilities of the resulting polymer solar
cells [9]. A successive oxidation of the bridging sulfur atom in the SOn (n = 0, 1) bridges
causes a large increase in photoluminescence yield (Φ) of the resulting chromophores [26].
Some studies conclude that the rapid intersystem crossing (ISC) to the triplet state is the
main deactivation process limiting the photoluminescence (PL) quantum yield Φ, as in
terthiophene dimers [27], but other investigations show that differently to the latter, the
SOn bridged chromophores do not require competing ISC, as in binaphthyl systems, to
limit the PL emission [28]. It is believed that these conclusions can be extrapolated to other
sulfur-bridged conjugated chromophores [25]. In the above investigations, the different
PL efficiencies upon oxidation of the sulfur bridge have been rationalized by the existence
of energetically available non-radiative decays in the (S) and S(O) bridges. Both studies
confirmed the generality of the electron lone-pair(s) screening concept, which assumed that
electron lone-pair(s) on the sulfur atom in (S) and (SO) screened the electronic interactions
between the two (hetero)aromatic chromophores. According to the concept, the Φ limiting
ISC efficiency is reduced in the presence of the intramolecular charge transfer (CT), which
can be tuned by the oxidation state of the SOn bridge. This causes a decrease in the CT and
allows the efficient ISC in symmetrical (S) and (SO), which results in lower PL efficiencies
in these systems and higher PL efficiencies in (SO2), with no electron lone pairs on the
bridging sulfur atom. In other words, the formation of CT states in (SO2) can suppress
ISC and lead to higher Φ values. Hence, the studies do not maintain the expectation that
a greater electron density on the sulfur atom should facilitate electronic communication
between bridged chromophores [27]. The origin of the anomalously low emission of aro-
matic (S)/ (SO) and high emission of (SO2) has also been rationalized by Finney et al. [29]
on two sets of unsymmetrical 1-pyrenyl (S)/(SO)/(SO2); their study established that the
excited states of benzylic aryl sulfoxides (SO) were deactivated not by the photoinduced
electron transfer from the sulfur lone electron pair, but by the non-radiative, reversible
α-cleavage of the C-S bond [29,30]. Further studies on the origin of the non-radiative
excited state relaxation in aryl sulfoxides, including excited state pyramidal inversion and
alternate formation of a twisted intramolecular charge transfer state (TICT), in which the
radical cation/radical anion pair is twisted fully out of conjugation, have recently been
described in the literature [13,28,31].

The materials with the S(O)2 group lower both the LUMO and HOMO energy levels. The
electronic devices with the sulfone-based materials can be expected to have: (1) an efficient
electron-injection and transport, an improved balance of holes and electrons allowing their
effective recombination in emissive layers; (2) a high triplet energy for the efficient blue phos-
phorescent organic light-emitting diodes; (3) wide band gaps; and (4) good electrochemical
and thermal stabilities [2,5,31]. To date, the sulfone-based materials have also been used as
host or emitting materials in phosphorescent organic light-emitting diodes (PhOLEDs) and
efficient, thermally activated delayed fluorescence (TADF) emitting materials [1–8].

In one of the few papers on photostability and photooxidation stability of the SOn
bridged chromophores, Wolf et al. [31] reported that unsubstituted, symmetrical 9,9′-
bianthryl sulfide (S) was stable in solution to irradiation at 365 nm for several hours, the
sulfoxide (SO) underwent a rapid (seconds) loss of the bridging SO group followed by the
quantitative formation of 9,9′-bianthryl, while the corresponding sulfone (SO2) underwent
chemical reactions to give anthracene dimer containing a three-membered episulfone ring
which, like the starting sulfone, could be converted to anthraquinone in the presence of
oxygen upon overnight irradiation. There is a lack of studies on the photostability and
photooxidation stability of these compounds at 254 nm.
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In addition to the mentioned examples, a very limited number of other SOn bridged
chromophores have been reported to date [29,30,32]. Moreover, the lack of studies on the
synthesis and photochemical behavior of bulky, SOn (n = 0, 1, 2) bridged, non-symmetric
chromophores, based on anthracene and larger acenes, is particularly noticeable in the
literature. The present study fills this gap and investigates highly substituted (S), i.e., 10-RS-
anthracenes, obtained in the thio-variant of the Friedel–Crafts-Bradsher cyclization [33,34],
and the corresponding sulfoxides (SO) and sulfones (SO2).

2. Materials and Methods
2.1. Synthetic Procedures and Spectroscopic Techniques

m-Chloroperbenzoic acid (m-CPBA, Sigma-Aldrich, St. Louis, MO, USA) was used
at ≥ 77%. Dry and oxygen free dichloromethane (DCM, JT Baker Chemicals, Deventer,
The Netherlands) was taken from MB SPS-800 (MBRAUN Solvent Purification System,
Garching, Germany). The 1H NMR and 13C NMR spectra (Figure S1) were measured with
a Bruker AV 200 or AV 500 spectrometer, (Billerica, MA, USA) in CDCl3 with chemical
shifts (δ) given in ppm relative to TMS as an internal standard. High-resolution mass spec-
trometry (HRMS) measurements were performed using Synapt G2-Si mass spectrometer
(Waters, Milford, MA, USA) equipped with an APCI source and quadrupole-Time-of-Flight
mass analyzer. The mass spectrometer was operated in the positive ion detection mode
with discharge current set at 4.0 µA. The heated capillary temperature was 350 ◦C. The
results of the measurements were processed using the MassLynx 4.1 software (Waters,
Milford, MA, USA) incorporated with the instrument. Accurate mass measurements were
performed by a peak matching technique using perfluorokerosene as an internal standard
at a resolving power of 10,000 (10% valley definition). The HR(MS_MS)-(+)-APCI spectra
were recorded at 15 eV, 25 eV and 35 eV. Melting points were measured using Boetius
apparatus. Thin layer chromatography (TLC) was performed on precoated Merck 60 (F254
60, Darmstad, Germany) silica gel plates with fluorescent indicator, with detection by
means of UV light at 254 and 360 nm. Column chromatography was done on Merck silica
gel (Kieselgel 60, Darmstad, Germany, 230–400 mesh). The UV-Vis absorption spectra
were recorded in 1 cm cuvettes on a Shimadzu UV-2700 spectrophotometer (Kioto, Japan)
using two types of the light source: a D2 64604 deuterium lamp and a Wl L6380 halogen
lamp (Kioto, Japan, 220—600 nm). Room temperature, steady-state emission spectra were
obtained with the Horiba Jobin Yvon, Fluorolog-3 spectrofluorimeter (Glasgow, UK) using
a xenon lamp as a light source. The fluorescence quantum yields Φ of the obtained com-
pounds were determined in EtOH and toluene on excitation at their absorption maximum
using an integrating sphere (Horiba, Jobin Yvon, Quanta-ϕ F-3029 Integrating sphere). Flu-
orescence lifetime values were measured by the Time Correlated Single Photon Counting
(TCSPC, Glasgow, UK) analysis. The fluorescence decay curves were obtained by exciting
the molecules at their emission maximum using a NanoLED laser at 374 nm ± 10 nm
(<200 ps) as a light source. The photodegradation measurements were investigated by
monitoring the absorbance decay of 10−5 ethanolic solutions in a quartz cuvette stored in
the dark at room temperature, under ambient atmosphere (O2) and inert atmosphere (Ar),
and then exposed to a UVP-Hg-Pen-ray lamp (254 nm, 16.33 mW/cm2 at distance 1 cm)
and a VL-6.LC fluorescent lamp (6W) (365 nm, 27.4 mW/cm2 at distance 1 cm).

2.2. Photostability and Photooxidation Stability in Ethanol Solutions

The photodegradation was investigated by monitoring the absorbance decay of
10−5 M ethanolic solutions in quartz cuvettes stored in the dark at room temperature,
under ambient atmosphere and Ar atmosphere, and exposed to a UVP-Hg-Pen-ray lamp
(254 nm, 16.33 mW/cm2 at distance 1 cm) and a VL-6.LC fluorescent lamp (6W) (365 nm,
27.4 mW/cm2 at distance 1 cm).



Materials 2021, 14, 3506 4 of 21

2.3. HRMS-(+)-APCI Spectra

The photodegradation was investigated by monitoring the MS spectra of 10−5 M
ethanolic solutions in quartz cuvettes at room temperature, under ambient atmosphere,
after exposure to UVP-Hg-Pen-ray lamp (254 nm, 16.33 mW/cm2 at distance 1 cm) for 3 h
(irradiation dose: 176 J/cm2) and 9 h (irradiation dose: 528 J/cm2).

3. Results and Discussion
3.1. Chemical Synthesis

The (S) substrates, mono-RS-substituted anthracenes 1, used for the synthesis of two
series of mono-RS(O)- and mono-RS(O)2-substituted anthracenes ((SO) 2 and (SO2) 3, re-
spectively), were obtained from cyclisation of (o-S,S-dithioacetalaryl)arylmethyl thioethers
in the presence of FeCl3/KI in boiling ethanol, according to the thio-Friedel–Crafts–Bradsher
reaction, which has recently been elaborated in our lab [33,34]. Next, RS groups in (S)-1a–d
were oxidized using one or two equivalents of m-chloroperbenzoic acid (m-CPBA) to give
the corresponding (SO)-2a–d and (SO2)-3c, 3d, respectively (Scheme 1 and Table 1). The
oxidation reaction of 1a and 1b gave 2a and 2b in 55% and 42% yields, respectively. In
this series, the corresponding sulfones 3a and 3b, obtained directly from the reaction of
1a and 1b with 2 equiv. of m-CPBA, although detected in small quantities in the crude
reaction mixture (mass spectra), could not be isolated. An attempted synthesis of 3a from
the sulfoxide 2a with 1 equiv. of m-CPBA, carefully monitored by 1H NMR for 5 days,
resulted in the same outcome. The anthracene core in these two series has the highest
electron donor character due to the presence of five alkoxy substituents and, most probably
due to this reason, is unstable during oxidation. The oxidation of other sulfides 1c and 1d
with 1 equiv. of m-CPBA gave sulfoxides 2c and 2d in 36% and 32% yields, respectively. In
this series, synthesis of the corresponding sulfones 3c and 3d was successful and they were
obtained from 2c and 2d with 2 equiv. of m-CPBA in 26% and 17% yields, respectively.

Scheme 1. Oxidation reaction of (S), i.e., 10-RS-anthracenes 1 to the corresponding (SO)-2 and (SO2)-3.
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Table 1. (S)-1 obtained via the thio-Friedel–Crafts–Bradsher cyclization, (SO)-2 and (SO2)-3 synthe-
sized via oxidation of (S)-1.

Compound. Chemical Structure Yield (%)

1a 62

1b 51

1c 50

1d 52

2a 55

2b 42

2c 36

2d 32

3c 26

3d 17

3.2. Photophysical Properties

Photophysical properties (absorption and PL spectra, PL quantum yields (Φ) as well as
PL lifetimes (τ) of (S)-1a–d, (SO)-2a–d and (SO2)-3c and 3d, were measured in two solvents:
polar ethanol (Table 2, Figure 1, Figures S2–S4) and non-polar toluene (Table 2, Figures S2,
S5, and S6 in Supplementary Materials). The obtained results in the series of 2 and 3 were
compared with the results obtained for 1-RS. The absorption spectra in the series of 1a-
SPh/2a-S(O)Ph and 1b-S-2-naphthyl/2b-S(O)-2-naphthyl, having identical configurations
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of alkoxy substituents at the anthracene core and different oxidation states of their sulfur
atoms, showed the same absorption pattern in the range of 310–450 nm with only two
absorption maxima for 1a and for 1b at λabs

max = 380 and 400 nm, respectively, and one
absorption maximum for 2a and for 2b at λabs

max = 380 nm with a shoulder at 405 nm for
2a and 2b. In the two a and b series of (S) and (SO), with five alkoxy substituents on the
anthracene core, the higher oxidation state of sulfur atom ((S) versus SO)) had, astonishingly,
no effect on the position of the absorption maxima (1a/2a and 1b/2b, ∆abs

max = 0 nm), unlike
in the d series with four alkoxy groups (1d/2d, ∆abs

max = 3 nm) and in the c series with three
alkoxy groups (1c/2c, ∆abs

max = 19 nm) (Table 2, Figure 1). In the c and d series, the comparison
could be more comprehensive due to the available data for (SO2)-3c and 3d. Thus, in the
case of 1c-S-2-naphthyl, absorption spectra in ethanol solution showed five maxima at λabs

max
= 330, 348, 367, 383 and 403 nm, while in case of 2c-S(O)-2-naphthyl, only three maxima
at λabs

max = 368, 386 and 407 nm, and in case of the 3c- S(O2)-2-naphthyl, four maxima at
λabs

max = 328, 378, 395 and 416 nm in the range of 310–450 nm, were observed, respectively.
Small bathochromic shifts for the absorption maxima λabs

max were observed in the series of
1c-S-2-naphthyl, 2c-S(O)-2-naphthyl and 3c- S(O2)-2-naphthyl, in ethanol solutions (λabs

max
= 365, 368 and 376), as in the series of 1d-S-4-(MeO-C6H4), 2d-S(O)-4(MeO-C6H4) and
3d-S(O2)-4-(MeO-C6H4) (λabs

max = 382, 387 and 392).

Table 2. Absorption and photoluminescence maxima (λmax), Stokes shifts, photoluminescence quantum yields (Φ) and
lifetimes (τ) in solution (toluene and ethanol) for (S)-1a–d, (SO)-2a–d and (SO2)-3c, 3d (underlined values are highest
absorption maxima in a lower part of the spectra).

Compound Absorption
λmax (nm)

Photoluminescence
λmax (nm)

Stokes Shift
(cm−1)

τ (a)

(ns) χ2 (b) Φ (c)

(%)

In toluene

1a 380, 401 445 3840 5.43 1.03 31.5
2a 380, 405 467 4900 8.29 1.20 40.6
1b 380, 403 447 3940 2.23 1.17 18.3
2b 380, 405 458 4480 8.70 1.17 55.6
1c 330, 348, 367, 383, 403 440 4520 1.94 1.10 15.0
2c 368, 386, 407 442 3280 4.06 1.01 21.6
3c 416, 395, 378, 328 460 4720 0.98 1.13 10.0
1d 364, 384 424 2460 0.23; 2.17 (0.95) 1.12 0.63
2d 367, 387 397 650 0.34; 4.75 (3.90) 1.09 1.91
3d 375, 392 433 3840 0.47; 3.98; 9.46 (7.50) 1.15 2.02

In ethanol

1a 379, 399 442 3760 6.08 1.14 33.3
2a 379 473 5240 15.28 1.23 58.2
1b 379, 400 444 3860 2.24 1.01 16.6
2b 380 477 5350 14.23 1.20 54.2
1c 345, 365, 380, 401 437 4510 2.10 1.06 12.9
2c 368, 370, 386, 406 449 4900 1.91; 8.36 (5.15) 1.12 32.4
3c 376, 391, 413 466 5140 0.41; 3.80 (1.55) 1.04 1.9
1d 362, 382 405 1490 0.47; 2.81 (1.15) 1.24 0.1
2d 368, 387 398 710 0.28; 5.47 (4.20) 1.09 2.5
3d 376, 392 433 2420 0.16; 0.77; 5.64 (4.90) 1.45 0.53

(a) In parentheses, the average lifetime calculated, taking into account the amplitudes for the each lifetime component. (b) χ2–CHISQ
(chi square). (c) Quantum yields Φ were measured with an integrating sphere in the solvent indicated (1 × 10−5 M). Average lifetime
should be used for comparison.
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Figure 1. Absorption (Abs, continuous line) and photoluminescence (PL, dotted line) spectra of (a): (S)-1a, (SO)-2a,
(b): (S)-1b, (SO)-2b, (c): (S)-1c, (SO)-2c, (SO2)-3c, (d): (S)-1d, (SO)-2d, (SO2)-3d in ethanol solutions (10−5 mol/L).

In contrast to the absorption spectra, where maxima positions were very similar both
in the ethanol and toluene solutions, the PL spectra, in the series of RS-, RS(O)- and RS(O2)-
substituted anthracenes, revealed emission red shifts both in ethanol (Figure 1) and toluene
(SM, Figure S5). The spectra also showed relatively stronger dependence on the sulfur
oxidation state, going from (S) to (SO) and from the latter to (SO2).

Fluorescence spectra of compounds 2a and 2b with 3-methoxy groups on the athracene
moiety, both in toluene and EtOH, show large redshifts in relation to the spectra of 1a
and 1b (Figure 1a,b and Figure S5). In contrast, in solid thin films, where conformational
motions are limited relative to solutions, the spectra of 2a and 2b do not show such a shift
and almost overlap (Figure 2, Figure S7). A similar increase can be seen for quantum yields
and lifetimes, which are larger for sulfoxides than for sulfides (Table 2). These data provide
arguments for the involvement of intramolecular CT processes in the excited state. Indeed,
charge-transfer (CT) states have been observed previously for symmetrically substituted
arenes bridged by sulfide at different oxidation levels [26].

For compounds 1c, 2c and 3c, with only one electron-donating methoxy substituent
(EDG) on the methylene-1,3-dioxo-anthracene backbone (Figure 1c), a similar tendency for
the fluorescence spectra to redshift with the degree of oxidation state is observed, although
the absorption spectra reveal the vibronic structure of anthracene to a greater extent than in
the case of 1a,b and 2a,b. The greatest shift shows the spectrum of 3c, while the spectrum
of 2c, being broader, covers both the 1c and 3c fluorescence spectra, i.e., it contains localised
emission from the anthracene molecule and long-wavelength emission from the CT state.
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The observed quantum yields and fluorescence lifetimes of 1c and 2c show a similar
increasing trend as for pair 1a-2a and 1b-2b, i.e., they are higher for sulfoxide analogues
than for the sulfide ones. The sulfone derivative does not show the largest increase in ϕ
and τ as in the case of symmetric chromophores [26]. On the contrary, a significant decrease
in these parameters is observed for both studied solvents. Additionally, 3c in EtOH has a
bi-exponential fluorescence decay.

Figure 2. Absorption (Abs, continuous line) and photoluminescence (PL, dashed line) spectra for (a): (S)-1a, (SO)-2a,
(b): (S)-1b, (SO)-2b, (c): (S)-1c, (SO)-2c, (SO2)-3c, (d): (S)-1d, (SO)-2d, (SO2)-3d in thin film cast from toluene solutions.

For the symmetric bis(methylene-1,3-dioxo)-anthracene moiety, the decreases in quantum
yields and lifetimes are more drastic (Table 2). There is no clear redshift of the fluorescence
bands associated with expected increasing contribution of CT transitions in the fluorescence
process due to oxidation of the sulfide bridge. The emission decays are 2- or 3-exponential
with the slow components below 5.7 ns (for EtOH) and 9.5 ns (for toluene). This may indicate
the presence of two or three chromophore populations in the excited state due to, among
other factors, conformational strain of the five-membered methylene-1,3-dioxolane ring. Then,
the non-radiative processes start to play an essential role in the deactivation of the excited
state, as well as significantly reducing quantum efficiency.

In conclusion of this section, it should be stated that: (1) with the degree of oxidation
of the sulfide bridge, the vibronic character of the anthracene absorption band disappears;
(2) no increase in quantum yields as a function of bridge oxidation was observed as for
symmetric arenes [26], but a clear increase was observed for sulfoxide derivatives; and (3)
EDG substituents on the anthracene backbone have a significant influence on the photo-
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physical processes. Their amount and size facilitate the participation of intramolecular CT
processes in both polar and non-polar media.

A similar trend concerning a stronger dependence on the sulfur bridge oxidation was
observed with Stokes shifts in both investigated solvents (toluene/ethanol: 1a-3840/3760 cm−1;
2a-4900/5240 cm−1 nm), (toluene/ethanol: 1b-3940/3860 cm−1; 2b-4480/5350 cm−1) and
(toluene/ethanol: 1c-4720/4510 cm−1; 3c-4720/5140 cm−1), which illustrates the increasing
interactions of excited polar molecules (from (S) to (SO2)) with solvents of the increasing polarity
(from toluene to ethanol). Indeed, in these series, the highest Stokes shifts values (2a, 2b and
3c) were higher in ethanol (5240, 5350, 5140 cm−1) than in toluene (4900, 4480, 4720 cm−1),
respectively (Table 2). They are generally recognized as moderate. Inconsistent with this trend,
very low Stokes shifts were found in series c and d: in (SO)-2c (3280 cm−1) and 2d (650 cm−1)
in toluene, and in the (SO)-2d (710 cm−1) in ethanol. In addition, these values were unex-
pectedly lower than in the corresponding (S) (4520 for 1c in toluene, 2460 for 1d in toluene
and 1490 cm−1 for 1d in ethanol, respectively). In the solid samples 1, 2 and 3, cast as thin
layers (Table 3), the Stokes shifts slightly increased in comparison to the toluene solutions of
(S)-1a–d by 240–480 cm−1, of (SO)-2c and 2d by 750–2960 cm−1 and of (SO2)-3c by 250 cm−1

with exception of (SO2)-3d for which the Stokes shift decreased. The increase in the Stokes shift
values is due to greater intermolecular interactions in solids which is a common phenomenon.
The results of optical measurements in solutions (ethanol and toluene) and in thin film casts
from toluene are summarized in Figures 1 and 2, Tables 2 and 3, and in SM (Figures S2–S4).

Table 3. Absorption and photoluminescence maxima (λmax) and Stokes shifts in solid state (thin film
cast from toluene) for (S)-1a–d, S(O)-2a–d and (SO2)-3c, 3d.

Compound Absorption
λmax (nm)

Photoluminescence
λmax (nm)

Stokes Shift
(cm−1)

1a 383 459 4320
2a 384 469 4720
1b 383 460 4370
2b 385 458 4140
1c 373 458 4980
2c 373 439 4030
3c 383 473 4970
1d 394 441 2700
2d 393 458 3610
3d 397 448 2870

In Table 2, we present absorption and photoluminescence maxima (λmax), Stokes
shifts, photoluminescence quantum yields (Φ) and lifetimes (τ) in solution (toluene and
ethanol) of 1a–d, 2a–d, 3c and 3d. Thus, in toluene solutions, the following quantum
yields were measured: 0.63–31.5% for (S)-1a–d, 1.9–55.6% for (SO)-2a–d and only 2.0–
10.0% for (SO2)-3c, 3d, in contrast to higher efficiencies recorded in the literature for
symmetrical (SO2) [29]. The highest values of 58.2% (in ethanol) and 55.6% (in toluene)
were measured for 2a-S(O)Ph and 2b-S(O)-2-naphthyl, respectively. In contrast to our
results concerning unsymmetrical chromophores, Wolf et al. [26] found in symmetrically
bridged chromophores that Φ was significantly enhanced by the successive oxidizing the
sulfur bridge from (S) to (SO), and further to (SO2). They showed that previously studied
unsymmetrical (SO) and (SO2) exhibited different photophysical behavior and in some
cases, (SO) were less emissive than the corresponding (SO2), which was attributed to
non-radiative pathways including α-cleavage/recombination and/or pyramidal inversion
in sulfur. In other cases, the (SO2) were less emissive, such as in our studies [33,34].

The room-temperature PL lifetimes (τ) of compounds in series of 1–3 were dependent
on the oxidation state of the bridging sulfur. The lifetimes in the (S), (SO) and (SO2) series
were measured in ethanol and toluene. The lifetimes on the level of several nanoseconds
in the series a–d were longer in polar ethanol than in non-polar toluene. In general, the
lifetimes of unsymmetrical (SO)-2a–d (toluene/ethanol: τ = 4.06–8.29 ns/5.47–15.28 ns)
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were longer than the corresponding (S)-1a–d (toluene/ethanol: τ = 1.94–5.43 ns/2.10–
6.08 ns). The (SO2)-3c (toluene/ethanol: τ = 0.98 ns/3.80 ns) possessed the shortest lifetimes
in both solvents. Moreover, in the series c and d (1c, 1d, 2c, 2d and 3c, 3d), more than
one lifetime was measured. For (SO2)-3d, three τ-components were recorded, of which
two were very short (toluene/ethanol: τ = 0.47, 3.98 ns/0.16, 0.77 ns) and one relatively
very long (toluene/ethanol: τ = 9.46/5.64 ns). For the symmetrically bridged (S), (SO)
and (SO2) chromophores, Wolf et al. [31] showed that all of the compounds exhibited
prompt lifetimes (<1 ns), while (SO) and (SO2) compounds had multi-exponential lifetimes
with a substantially longer (about 30 ns) component, which was two-fold greater than
the longest lifetimes, reported for 2a and 2b in the whole a–c series of unsymmetrically
bridged chromophores (Table 2). It has been found in the literature that the longest-lived
component for symmetrical SOn bridges increases with increasing oxi- dation state of the
bridging sulfur atom, in the following order: (S) < (SO) < (SO2); this occurs under both air
and argon [31]. The same order was observed in our case for the d series of unsymmetrical
compounds, however with a much greater dispersion in the lifetime values. A comparison
of the longest-lived components in the c series, showed a different order: (SO2) < (S) < (SO);
this may be due to a lower symmetry of the unsymmetrically substituted anthryl core in
comparison to the fully symmetrical one in the d series.

The absorption spectra of (S)-1a–d, (SO)-2a–d and (SO2)-3c, 3d in thin films are presented
in Figure 2 and their optical properties are summarized in Table 3. In thin films, lower-energy
absorption bands are redshifted and broadened, compared with absorption bands in solution,
which is attributed to the stronger intermolecular interactions in solid state. The positions
of the absorption maxima for (S)-1 and (SO)-2 were practically identical, while the maxima
for (SO2) were redshifted by 4–10 nm in comparison to 1 and 2. In PL spectra, slightly higher
redshifts of 10–17 nm were observed for pairs of (S)/(SO)-1a/2a and 1d/2d, respectively,
while for the pairs of 1b/2b and 1c/2c, a blueshift of 2–19 nm was found.

3.3. Structural Determinants of the CIE 1931 Chromaticity Coordinates

Table 4 shows the CIE 1931 chromaticity coordinates for (S)-1a-1d, (SO)-2a-2d, (SO2)-
3c and 3d in toluene and ethanol solutions. The CIE 1931 coordinates for the luminescent
materials on the plane of color spaces define the relationship between emitted wavelengths
of light and physiologically recognized by humans. The (S)-1a–d emitted blue light both in
toluene and ethanol solutions. Only coordinates of the light emitted by the symmetrical
(S)-1d, possessing four alkoxy substituents and the 4-methoxy-phenylsulfenyl group on
the anthracene core, were slightly shifted towards blue-violet part of the CIE 1931 color
space chromaticity diagram (Table 2, Figure 3A).

Figure 3. Conts.
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Figure 3. (A) The CIE 1931 chromaticity coordinates for (S)-1a–d in ethanol and toluene solutions;
(B) The CIE 1931 chromaticity coordinates for (SO)-2a–d in ethanol and toluene solutions; (C) The
CIE 1931 chromaticity coordinates for (SO2)-3c, 3d in ethanol and toluene solutions.

Oxidation of (S)-1a–d caused a significant, sulfur oxidation state dependent effect,
and chromaticity coordinates dispersion from deep blue and blue through blue-green to
green color was observed in the resulting (SO)-2a–d (Table 2, Figure 3B). The sulfoxide
group S(O), which may form a hydrogen bond with ethanol, caused a further dispersion
in chromaticity coordinates for 2a–c, in relation to non-polar toluene. Only in the case of
(SO)-2d, a weaker effect of the solvent polarity on wavelength of the emitted blue light was
observed. In the series of (SO2)-3c, 3d, the distribution of the coordinates was similar as
in the group of (SO), and again in 3d, with electron-donating 4-methoxyphenyl and four
alkoxy-anthryl groups around the SO2 bridge, a weaker effect of the solvent polarity was
observed (Table 2, Figure 3C). This confirms previous observations made for the series of
(S)-1 and (SO)-2 that the increasing number of electron-rich groups at the anthracene core
is the main factor responsible for color shifting of the emitted light towards the blue or
blue-violet part of the spectrum.
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Table 4. The Commission Internationale de L’Eclairage (CIE) 1931 chromaticity coordinates for
(S)-1a–d, (SO)-2a–d and (SO2)-3c, 3d in ethanol and toluene solutions.

The CIE 1931 Color Spaces-Luminosity Function

Compound Toluene (x, y) Ethanol (x, y)

1a x = 0.1534, y = 0.0891 x = 0.15148, y = 0.09148
2a (a) x = 0.17369, y = 0.29827
1b x = 0.15012, y = 0.0855 x = 0.16057, y = 0.10734
2b x = 0.14996, y = 0.16765 x = 0.17792, y = 0.3006
1c x = 0.1627, y = 0.10657 x = 0.16889, y = 0.1198
2c x = 0.1447, y = 0.09946 x = 0.14522, y = 0.13796
3c (a) x = 0.16769, y = 0.29084
1d x = 0.1526, y = 0.03397 x = 0.14725, y = 0.05423
2d x = 0.14357, y = 0.06482 x = 0.14886, y = 0.04898
3d x = 0.14217, y = 0.06996 x = 0.13137, y = 0.11087

(a) not measured due to poor solubility in toluene.

3.4. Photochemical Stability

Optical materials should have a high photochemical stability; therefore, all three series
of (S)-1a–d, (SO)-2a–d and (SO2)-3c, 3d were exposed to light under anaerobic and aerobic
conditions, in ethanol solutions, using two different UV wavelengths of 254 and 365 nm.
Photostability under anaerobic conditions and photooxidation stability under aerobic
(ambient) conditions were examined by monitoring the 50% loss of absorbance intensity
of 10−5 M ethanol solutions of samples 1–3, first stored in the dark at room temperature,
under inert (Ar) or ambient (O2) atmosphere, and next exposed to the UV light of 254 nm
(UVP-Hg-Pen-ray lamp, 16.33 mW/cm2 at a distance 1 cm) and 365 nm (fluorescent lamp
VL-6.LC (6W), 27.4 mW/cm2 at a distance 1 cm). The actual irradiation dose (J/cm2)
may be calculated by multiplication of the latter (W/cm2) by exposure time (sec.). Both
(S)-1, (SO)-2 and (SO2)-3 revealed enhanced photochemical stability in solution during UV-
irradiation at both 254 and 365 nm. In the series of significantly substituted chromophores
1 and 2, the photooxidation stability in the range of 80–249 min. was measured at 254 nm
under ambient atmosphere (O2), and even higher photostability in the range of 88–519 min.
was found at 254 nm under inert atmosphere (Ar), which turned out to be the highest
stability values reported for the π-extended (SO) and (SO2) (Table 5, Figure 4). Surprisingly,
there were no significant differences in the 50% loss of absorbance between aerobic and
anaerobic conditions at 254 nm for the tested series of (S)-1a–d and (SO)-2a–d (e.g., 1a:
254 nm-166 (O2)/175 (Ar) min.; 2a: 254 nm-80 (O2)/88 (Ar) min.), and for 2c and 2d at 254
and 365 nm (e.g., 2c: 254 nm (O2)/254 nm (Ar)/365 nm (O2) = 247/245/254 min.). Only
in case of (S)-1b, a significant two-fold increase in photostability was observed at 254 nm
under inert versus ambient atmosphere (1b: 254 nm-249(O2)/519 (Ar) min). Another (S)-1d
showed the highest photostability at 254 nm (Ar, absorption decay not observed) and
photooxidation stability at 365 nm (O2, 812 min.) (Table 5).

A further detailed analysis shows that the photostability and photooxidation stability
of (SO)-2a, 2b and 2d are lower than the corresponding (S)-1a, 1b and 1d, both under
ambient and inert atmosphere, but are still much higher than the values, reported in the
literature, of unsubstituted, symmetrical 9,9′-bianthryl analogs [31]. Only the (SO)-2c was
slightly more stable under ambient atmosphere at 254 nm than its (S) precursor 1c (2c/1c-
247 min./210 min.). The highest stability at 254 nm among the (SO) family presented 2b
and 2c (251, 245 nm, respectively) with the bulky naphthyl substituent at the S(O) bridge.
The compounds (S)-1a–c and (SO)-2a, 2b deserve a special mention due to their extreme
photooxidation stability at 365 nm under ambient conditions, which has not been reported
in the literature so far. A similar, very high stability showed (SO2)-3c and 3d at 365 nm
under the same conditions, for which the absorbance decay was not observed as well
(see SM, Figure S8).
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Table 5. The time of 50% loss of absorbance decay measured for the lowest energy absorption bands
of (S)-1a–d and (SO)-2a–d in ethanol solutions under UV light (254/365 nm) exposure.

Compound

The Time of 50% Loss of Absorbance Measured for the Lowest
Energy Absorption Band (min)

UV-Vis
254 nm/O2

UV-Vis
254 nm/Ar

UV-Vis
365 nm/O2

1a 166 175 n/o (a)

2a 80 88 n/o (a)

1b 249 519 n/o (a)

2b 249 251 n/o (a)

1c 210 276 n/o (a)

2c 247 245 254
1d 115 n/o 812
2d 111 93 124

(a) absorbance decay not observed.

Analysis of the UV/Vis spectra of (S)-1a-1d and (SO)-2a-2d (254 nm, air O2/Ar)
showed a presence of several isosbestic points, which indicated the co-existence in solution
of the starting materials and photo-products. For 1b-1d and 2a, 2b (365 nm, air O2), isos-
bestic points were not observed, as was also the case for all (SO2)-3 both at 254 and 365 nm
(air O2/Ar). For 1a, a weak 50% absorbance decay was observed and only two isosbestic
points in a lower part of the UV spectrum could be detected (see SM, Figure S7).

The HRMS-(+)-APCI analysis of the crude reaction mixtures obtained by irradiation of
ethanolic solutions of 1–3 for 3 h (air O2, 254 nm, Hg lamp, irradiation dose: 176 J/cm2),
did indeed confirm the formation of the oxidized, deoxidized or degraded products, which
accompanied the starting acenes, as minor components of the mixtures (see SM, Figures S9–S15).

The characteristic feature for all starting acenes 1–3 was the maintenance of the
integrity of anthracene rings without the ring C-C bonds’ cleavage. However, in case
of (S) 1, aromatic character of the products was destroyed by the oxidation of one or
two peripherial or middle ring carbon atoms to ketone groups, while the aromatic character
of (SO)-2 and (SO2)-3 was preserved. Thus, in the HRMS-(+)-APCI spectra of (S)-1a, 1b
and 1d, two main groups of photo-products were found in the mixtures, which originated
from: (1) the addition of oxygen to anthracene rings to initially form endoperoxides or
hydroperoxides (not detected), which were subsequently cleaved to phenolic derivatives
and further oxidized to 10-ketones or 1,4-anthraquinones; (2) the oxidation of sulfur atoms
to sulfoxide [33]. Contrary to (S)-1, (SO)-2a, 2d and (SO2)-3c, 3d preserved aromatic
character of photo-products after the 3h irradiation at 254 nm under air O2 in EtOH. Thus,
(SO)-2a was photo-deoxygenated to the corresponding (S)-1a, as the main product. This
unexpected reduction that occurred under photochemical, aerobic conditions, has earlier
been observed for aromatic sulfides by Posner and Gurria under nitrogen atmosphere [35].

According to the authors’ suggestions, the reaction most probably occurred via the
triplet excited state. Interestingly, reoxidation of (S)-1a back to (SO)-2a and a cleavage of
the Ar-S bond were observed to be the main pathways after prolonged contact with air O2
and irradiation of the sample for 9 h under the same reaction conditions (254 nm, EtOH,
irradiationdose of 528 J/cm2). On the other hand, (SO)-2d underwent a cleavage of both An-
S and Ar-S bonds to a minor extent. After prolonged irradiation for 9 h, the fragmentation of
2d slightly deepened; however, the parent peak remained as the main one in the spectrum,
which meant that there was still a good stability of this compound after a three-fold increase
in the irradiation time. Sulfones (SO2)-3c, 3d, for which isosbestic points were not observed
in UV spectra, were stable under the irradiation conditions (3 h, 254/365 nm, air O2/Ar,
EtOH). The HRMS-(+)-APCI spectra of (SO2)-3c, 3d were almost identical before and after
irradiation, with the main fragmentation leading to desulfonylated species derived from
3c, 3d due to the An-S cleavage. The predominant fragmentation of An-S bonds over Ar-S
ones in 3c and 3d may be explained by a relatively large bond lengths and a large An-S
/Ar-S difference in DFT calculated bond lengths of the optimized molecules (An-S/Ar-S: 3c-
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1.82954/1.81225 Å; 3d-1.83695/1.80460 Å). For a comparison, the corresponding bonds in 1
are shorter and stronger, and the An-S /Ar-S difference is negligible (1c-1.79759/1.79689 Å;
1d-1.79941/1.79978 Å). After prolonged exposure to the UV light at 254 nm for 9 h, both
sulfones 3c and 3d showed still a good photooxidation stability with the increased cleavage
of the Ar-S bond. In order to distinguish fragmentation peaks from the peaks due to the
photo-products in the irradiated mixture, a HR(MS_MS)-(+)-APCI fragmentation of single
peaks, in the whole spectra, was carried out to conclude that the detected peaks for all
investigated compounds were due to the real photoproducts in the mixture.

Figure 4. Evolution of the lower energy band absorptions of (S)-1a–d, (SO)-2a–d and (SO2)-3c, 3d (in 10−5 M concentrations)
in EtOH, under UV exposure (254 nm) at room temperature under ambient (O2) atmosphere (figures on the left) and under
inert (Ar) atmosphere (figures on the right).
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The stability to photooxidation of the tested compounds 1–3 upon exposure to the UV
light at 365 nm (air O2) was obviously much higher than the stability upon exposure to the
UV light at 254 nm and no isosbestic points were detected for these compounds in UV spectra.

Due to the lack of broader investigations on photostability and photooxidation stability
of SOn (n = 0, 1, 2) bridged chromophores, the stability of the investigated compounds in this
study may be compared with photooxidation results obtained at 365 nm for the unsubstituted
9,9′-bianthryl (S), (SO) and (SO2) [31], which are structurally the most similar compounds to the
series of significantly substituted mono-anthryl derivatives 1, 2 and 3. While the high photooxi-
dation stability (hours) at 365 nm of the 9,9′-bianthryl (S) was comparable with the high stability
of 1, the stability of 2 was many times greater than the stability (seconds) of the 9,9′-bianthryl
(SO) [31]. The (SO2)-3 were similarly very stable, while the 9,9′-bianthryl (SO2) underwent
chemical reactions (first the episulfone and then the anthraquinone formation) [31]. To our
knowledge, unsymmetrical, significantly substituted 1-, 2- and 3-SOn bridged chromophores,
obtained by electron-donating alkoxy substituents, are the most stable sulfur compounds of this
kind reported to date. At the same time, a lack of photostability and photooxidation stability
tests of such compounds at 254 nm should be noted.

3.5. DFT Calculations of Molecular and Electronic Structures of 1, 2 and 3. Influence of Sulfur
Oxidation State on Stabilization of Frontier Orbitals

The above studies were supported by DFT calculations of molecular and electronic
structures of (S)-1a–d, (SO) -2a–d and (SO2)-3a–d in the gas phase, and at the ground
state, using the gradient corrected three-parameter hybrid function (B3LYP) with the 6-
311++G(d,p) basis set. Full geometry optimizations of these compounds were performed
using the GAUSSIAN 09 quantum chemistry package (coordinates of atoms for all op-
timized geometries are given in Tables S1–S12). Analysis of shape and values of the
HOMO-LUMO energy was carried out for twelve RS-, RS(O)- and RS(O2)-acene deriva-
tives, organized in three a–c series. (Figure 5).

Figure 5. Conts.
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Figure 5. Plots of the HOMO and LUMO orbitals for molecules 1a–d, 2a–d and 3a–d optimized
according to the DFT theory B3LYP/6-311++G(d,p).

The analysis showed that HOMO and LUMO orbitals, for each molecule, were mainly
located on the system of fused aromatic rings with exception of 1d, for which the HOMO
orbital was located also on the 4-methoxyphenylthio group. A comparison of the HOMO
and LUMO energy values (Figure 6a), calculated for 1a-SPh, 2a-S(O)Ph and 3a-S(O2)Ph,
indicated that oxidation of the PhS-group to PhS(O) (in 2a) resulted in a significant decrease
and stabilization in both HOMO and LUMO energy values from −5.412 eV to −5.533 eV,
and from−1.895 eV to−2.016 eV, respectively. A replacement of the PhS(O) for the PhS(O2)
group (in 3a) caused a further orbital stabilization and decrease in the HOMO and LUMO
energies to −5.607 eV and −2.160 eV, respectively. The same trend was observed in all
three a–c series of compounds (Figure 6a–d). The decrease and stabilization in the HOMO
and LUMO energies are correlated well with the increase in the sulfur oxidation degree in
the following order: (S) < (SO) < (SO2); in addition, the electron-acceptor character of the
SOn bridge increased in the same order. The measure of the latter effect is the Hammett
σp constant. For instance, the σp values calculated using ACD/Percepta [36] were 0.07,
0.44 and 0.68 for PhS, PhS(O) and PhS(O2) substituents, respectively, and 0.13, 0.39 and
0.77 for 4-MeOC6H4-S, 4-MeOC6H4-S(O) and 4-MeOC6H4-S(O2) substituents, respectively.
The small but positive values of σp constants confirm a weak electron-acceptor character
of the RS groups in all cases, when attached to electron-rich anthracenes substituted by
five (a, b series), four (d series) and three (c series) electron-donating alkoxy groups [16].
Analysis of the σind and σres components shows that a mostly negative inductive effect
(-I) is responsible for the electron-withdrawing character of the RS-groups in the electron-
rich aromatics (e.g., SPh: σind/σres = 0.31/−0.24; S-Naphth: σind/σres = 0.3/−0.15). The
(-I) effect dominates, in all cases (SOn), over the resonance effect (+M), which gradually
decreases in the oxidized sulfur chromophores and finally changes to the (-M) effect in (SO2)
(e.g., S(O)Ph: σind/σres = 0.51/−0.07; S(O2)Ph: σind/σres = 0.56/0.12). For a comparison, for
RO groups, the (+M) effect dominates over the (-I) effect (PhO: σind/σres = 0.4/−0.48 and
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MeO: σind/σres = 0.30)/−0.58). Thus, all three a–c series are donor–acceptor chromophores,
in which the electron-accepting properties are associated with the operation of the inductive
effect (-I) caused by RS(O)n groups (weaker for RS and stronger for RS(O) and RSO2),
and the electron-donating properties are connected with the operation of the positive
resonance effect (+M) of alkoxy substituents. The final conclusion is that the observed
high photochemical stability of 1–3 comes from the lowering of the LUMO energy level.
The lower LUMO makes the compounds more resistant to photooxidation, which usually
occurs via electron transfer (Type-I) or/and energy transfer (Type-II) mechanisms [37,38].

Figure 6. Graphs illustrating the changes in the HOMO and LUMO energy values for the series of molecules 1a, 2a and 3a
(a), 1b, 2b and 3b (b), 1c, 2c and 3c (c) 1d, 2d and 3d (d) optimized according to the DFT theory B3LYP/6-311++G(d,p).
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4. Conclusions

The most striking result obtained in this study is related to the very high, hitherto
unrecorded photostability and photooxidation stability of the significantly ring substituted
acenes, (S), (SO) and (SO2), under both anaerobic and aerobic conditions, at 254 and 365 nm.
These stabilities are many times higher than stabilities under similar conditions of less
sterically hindered or unsubstituted analogs that are known in the literature, which makes
them promising materials for optoelectronics, photocatalysis and other areas requiring
photostable compounds. The high photochemical stability is associated with the effect of
the sulfur oxidation state and a significant substitution at the aromatic core by electron-
donating groups. This leads to the formation of stable donor–acceptor systems, in which a
negative, inductive effect (-I) from the RS(On) groups is responsible for electron-accepting
properties, and the (+M) effect of alkoxy substituents is due to electron-donating properties
(Hammett’s constants, vide supra). The enhanced photooxidation stability (hours) of the
obtained, unsymmetrical, significantly substituted (SO) was particularly striking, compared
to the literature photooxidation stability results (seconds) in symmetrical, unsubstituted
bianthryl (SO) at 365 nm [31]. The high stabilities in the obtained (S), (SO) and (SO2) series
was supported by DFT calculations, which revealed the leading role of the SOn groups in
lowering and stabilization of HOMO and LUMO frontier orbitals, making the mechanisms
responsible for the anthracene oxidation more difficult [37,38].

This study also shows other photophysical/photochemical properties of the new
groups of bridged, unsymmetrical, donor–acceptor SOn (n = 0, 1, 2) chromophores of a
dominant electron-rich character, based on a significantly substituted anthracene core. The
study complements the literature investigations on symmetrically SOn bridged, unsubsti-
tuted analogs. The (S) substrates were synthesized via the thio-Friedel–Crafts–Bradsher
(thio-F–C–B) cyclization [33] as an extension of the oxo-variant of this reaction [39–47],
while (SO) and (SO2) were obtained by a successive oxidizing of the sulfide bridge. The
thio-F–C–B reaction is also a tool to introduce a significant substitution on the mono-RS-
acene (anthracene) core, which also remains in the (SO) and (SO2) products after oxidation.
This makes all three groups of compounds easily tunable optoelectronic materials that are
of high photostability and high photooxidation stability. For instance, the colour of the
emitted light can be tuned from blue-violet to green depending on the sulfur oxidation
state, the number of electron-donating groups on anthracene, and the kind of solvent.

We believe that the findings herein will spur further interest and development in the
unexplored area of photochemical behaviour of significantly substituted, SOn (n = 0, 1,
2)-bridged chromophores, both symmetrical and unsymmetrical, based on larger acenes
than anthracene.

5. Patents

P.Bałczewski, E.Kowalska, J. Skalik, M.Koprowski, K.Owsianik, E.Różycka- Sokołowska,
Aromatyczne sulfotlenki i sulfony, sposób ich wytwarzania i zastosowanie”, Patent Applica-
tion, P.429272, 14.03.2019.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ma14133506/s1, Pages S1–S4: Synthetic procedures and spectroscopic data; Figure S1: 1H
NMR and 13C NMR spectra of the obtained compounds; Figure S2: Chemical structures of sulfides
1a–d, sulfoxides 2a–d and sulfones 3c,d used in measurements; Figure S3: Absorption spectra for
sulfides 1a–d, sulfoxides 2a–d and sulfones 3c,d in ethanol solutions; Figure S4: Time-correlated
single-photon counting (TCSPC) measurements of photoluminescence lifetimes in ethanol solutions;
Figure S5: UV/Vis absorption and photoluminescence spectra for sulfides 1a–d, sulfoxides 2a–d
and sulfones 3c,d in toluene solutions; Figure S6: Time-correlated single-photon counting (TCSPC)
measurements of photoluminescence lifetimes in toluene solutions; Figure S7: Absorption spectra
recorded for sulfides 1a–d, sulfoxides 2a–d and sulfones 3c,d in solid state (thin-films); Figure S8:
Photostability and photooxidation stability of compounds: 1a–d, 2a-d and 3c,d in ethanol solutions;
Figure S9: HRMS-(+)-APCI spectra of 1a; Figure S10: HRMS-(+)-APCI spectra of 1b; Figure S11:
HRMS-(+)-APCI spectra of 1d; Figure S12: HRMS-(+)-APCI spectra of 2a; Figure S13: HRMS-(+)-
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APCI spectra of 2d; Figure S14: HRMS-(+)-APCI spectra of 3c; Figure S15: HRMS-(+)-APCI spectra
of 3d; Tables S1–S12: Atom coordinates (Å), total energy (Hartree) and the number of imaginary
vibrational frequencies for the geometries of 1a–d, 2a–d, and 3a–d optimized according to the
B3LYP/6-311++(d,p) level in the gas phase using Gaussian 09.
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