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Dipolar vinyl sulfur fluorescent dyes. Synthesis and
photophysics of sulfide, sulfoxide and sulfone
based D—mw—A compounds+

Matias Moncalves,? Gabriel M. Zanotto,® Josene M. Toldo,® Daniel S. Rampon,©
Paulo H. Schneider,” Paulo F. B. Goncalves,® Fabiano S. Rodembusch*®
and Claudio C. Silveira*®

New vinyl sulfides and sulfoxides were obtained in good yields using the Horner—Wadsworth—Emmons
(HWE) reaction. The vinyl sulfides and sulfoxides presented preferentially the E-stereochemistry. The
respective vinyl sulfones were obtained in good yields from the vinyl sulfides by a simple oxidation step
using mCPBA, solely as the E isomers. These derivatives presented absorption maxima in the UV-A
region with molar absorptivity coefficients and radiative rate constant values ascribed to spin and
symmetry-allowed mt—7t* electronic transitions. Experimentally, a small solvatochromic effect indicated
an almost absent charge transfer character in the ground-state. A fluorescence emission in the violet-
green region with a significative redshift on the maxima with increasing solvent polarity was observed,
which could be related to a better electron delocalization in the excited state, as a result of an
intramolecular charge transfer state. DFT and TD-DFT calculations were performed at the PBELIPBE and
CAM-B3LYP levels of theory. No solvatochromic effect was observed in the ground state, but
a bathochromic effect was detected in the emission maxima. Starting from sulfides to sulfones, the
addition of oxygen atoms improved the charge separation, enabling an ICT state, mainly in P3 and P5.
This charge separation was more efficient in the triphenylamino derivatives than among the pyrene
derivatives since the first one has a better electron-donating character.

Introduction

High-efficiency organic luminescent materials are critically
important in a variety of high-tech innovations."” Due to the
rapid growth of this field, the development of novel and efficient
emitters is a very important task. In the past few decades, push-
pull structures composed of a m-conjugated core substituted by
electron-donating (D) and electron-attracting (A) (D-m-A)
groups have been extensively studied in materials chemistry.***
These molecular systems have also been extended to
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quadrupolar (D-7-A-7-D or A-m-D-7-A) compounds, which
also have promising technological applications."*"” In general,
optical materials take important roles in optoelectronics, as
part of transistors, OLEDs, solar cells, lightening agents and
light modulators.”* These usual D-7w-A molecular architec-
tures play an important role in their photophysics because they
not only show high fluorescent quantum yields owing to the
effective radiative decay of their excited intramolecular charge-
transfer (ICT) state but also possess impressive bipolar charge-
transporting properties for their constitutive hole- and electron-
transporting moieties,**?* that can be modulated through
tuning the groups electron donor and/or acceptor strengths.?=*°
Concerning those functional groups, the organosulfides allow
a tuneable electronic behavior that can be easily modulated
through a single step oxidation to the respective sulfoxides or
sulfones, which are effective electron acceptor groups.*'-**

In this regard, our continuous interests in the synthesis of
organochalcogen compounds prompted us to access symmetrical
and unsymmetrical vinyl sulfides by a straightforward approach,
using a Wittig-Horner reaction, as precursors of products
carrying a higher oxidation state on sulfur.*** In this sense,
photoactive divinyl sulfides and sulfones have been obtained.**!

However, there is a lack of information on the rationalization
of comparative electronic effects exerted by organosulfides,
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sulfoxides and sulfones on excited and ground states of push-
pull m-conjugated structures. Therefore, herein we describe the
synthesis of novel vinyl sulfides, sulfoxides and sulfones con-
taining pyrene and triphenylamine as end-capped electron
donor groups. In addition, the electronic, photophysical and
theoretical properties of these compounds were extensively
explored, and the effect of the oxidation state of the sulfur on
the electronic properties of push-pull molecular systems were
evaluated, comparing the experimental results with the theo-
retical properties, predicted with TD-DFT calculations.

Experimental
General information

All reactions were performed in flame-dried glassware under
ambient conditions unless otherwise stated. All solvents were
purified according to the literature and transferred via syringe.**
Tetrahydrofuran (THF) was refluxed under Na/benzophenone
and distilled immediately before use. Unless otherwise stated,
commercial reagents were used without additional purification.
The column chromatographic purification of the products was
performed on silica gel (230-400 mesh). The thin-layer chro-
matography (TLC) plates were visualized by exposure to UV
radiation (365 nm), iodine vapours and/or acid solution of
vanillin.

The "H NMR spectra were recorded at 200/400 MHz and the
BC NMR spectra were measured at 50/100 MHz, in CDCl; as
solvent with TMS as reference. Coupling constants (/) are re-
ported in Hertz. Abbreviations to denote the multiplicity of
a particular signal are s (singlet), d (doublet), dd (doublet of
doublets), t (triplet) and m (multiplet). A Perkin-Elmer CHN
2400 analyzer was used for elemental analyses. The infrared
spectra were recorded on a FTIR spectrometer, with the samples
dispersed in KBr pellets. The UV-Vis absorption spectra were
recorded on a Shimadzu UV-2450 spectrophotometer in
a concentration range of 10™* to 107> M. The steady state
fluorescence spectra were measured using a Shimadzu
RF5301PC spectrofluorometer. The maximum absorption
wavelength was used as excitation wavelength for fluorescence
measurements. The quantum yield of fluorescence (®g;) was
determined by applying the dilute optical method. Quinine
sulphate (QS) in H,S0, (0.5 mol L") (®5;, = 0.55) was used as
the quantum yield standard.*® All measurements were per-
formed at room temperature (25 °C).

Theoretical calculations

In parallel to the experimental studies, theoretical calculations
were carried out using the Gaussian 09 package** for molecules
P1-P6. For geometry optimizations and vibrational analysis in
the ground state, the Density Functional Theory (DFT) was used
with two hybrid exchange-correlation functionals: PBE1PBE,
a global hybrid parameter free with 25% exact exchange func-
tional* and CAM-B3LYP, the long range corrected version of
B3LYP using the Coulomb-attenuating method,*® both with the
cc-pVDZ basis set. These functionals were chosen for this study
since they have presented good results and have been
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extensively tested in different systems for a large range of
properties, particularly for absorption and emission spectral
simulations and electronic properties.*”~** However, in systems
where it is possible to observe charge transfer, it is recom-
mended to use the range-separated hybrid functionals, like the
CAM-B3LYP.***® Geometry optimizations and vibrational anal-
ysis on the first excited state were performed using TD-DFT
(Time Dependent Density Functional Theory) with the cc-
pVDZ basis set. Population analysis and vertical transitions
were performed using jun-cc-pVTZ basis sets. The jun-basis set,
named calendar basis set, is recommended by Truhlar et al.** as
a better option to the default augmented (aug) basis sets,
showing a lower computational cost. These basis sets are con-
structed by removing diffuse functions from the augmented
(aug-) basis sets. The jun-cc-pV*Z basis sets remove the diffuse
function from H and He and also remove the highest angular
momentum diffuse function from all other atoms. All equilib-
rium geometries were characterized by the absence of imagi-
nary frequencies. The influence of the solvent was considered in
all calculations (geometry optimization and vertical transitions)
using PCM (Polarizable Continuum Model)** and the solvents
used were 1,4-dioxane, dichloromethane, acetonitrile and
ethanol. Charges from electrostatic potential using a grid based
method (ChelpG) were used to obtain the electrostatic potential
surface and dipole momenta. All images of the geometry and
molecular orbital were generated using the ChemCraft
program.*

Synthesis

Diethyl phenylthiomethylphosphonate (1). To a cooled (0 °C)
solution of NaOH (0.84 g, 21 mmol) in dry ethanol (100 mL) was
added dropwise via syringe benzenethiol (2.31 g, 21 mmol). The
mixture was stirred for 30 min at 0 °C. Diethyl tosylmethyl
phosphonate (6.44 g, 20 mmol) was added and the mixture was
stirred for 24 h at room temperature. The mixture was extracted
with EtOAc (3 x 50 mL) and H,O (150 mL) and the combined
organic layers were washed with saturated aqueous NH,CI,
dried over MgSO,, filtered and concentrated under reduced
pressure. Purification by flash column chromatography (silica
gel, using 5 : 95 to 50 : 50, v/v, EtOAc/hexanes) gave the product
as a colourless oil (4.68 g, 90%). "H NMR (200 MHz, CDCl,)
6 (ppm): 7.47-7.42 (m, 2H), 7.33-7.21 (m, 3H), 4.21-4.06 (m,
4H), 3.24 (d, J = 14.0 Hz, 2H), 1.32 (t, 6H).

4-(Diphenylamino)benzaldehyde (2). This compound was
synthesized according to the literature.*® A dry 50 mL two-
necked flask was equipped with a reflux condenser under
a positive argon pressure and cooled with an ice-water bath. The
flask was charged with dry DMF (3 mL, 39 mmol) and POCl; (2.3
mL, 25 mmol) was then added dropwise. After that, triphenyl-
amine (1.2 g, 5 mmol) in 1,2-dichloroethane (10 mL) was added
dropwise and the reaction was heated to 45 °C for 5 h. After
cooling, the mixture was poured on an ice-bath with stirring and
neutralized with Na,CO;. A pale yellow solid was collected by
filtering and recrystallized in ethanol to give 2 (1.12 g, 82%). 'H
NMR (400 MHz, CDCl;) é (ppm): 9.80 (s, 1H), 7.68 (d, 2H), 7.36-
7.32 (t, 4H), 7.19-7.15 (m, 6H), 7.02 (d, 2H).
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Diethyl ((phenylsulfinyl)methyl)phosphonate (4). This
compound was synthesized according to the literature.** NalO,
(1.302 g, 6.09 mmol) was dissolved in a 1: 2 mixture of THF/
H,0 (15 mL) and cooled to 0 °C. A solution of 1 (1.507 g, 5.79
mmol) in THF (5 mL) was added dropwise. The mixture was
stirred at room temperature for 93 h. The solvent was removed
under reduced pressure and the resulting crude mixture was
diluted with EtOAc, washed with saturated aqueous NH,CI,
dried over MgSO, and concentrated under vacuum. The crude
product was purified by flash chromatography (EtOAc/hexanes,
7 :3, v/v) to yield 4 (1.03 g, 65%) as a light yellow oil. "H NMR
(200 MHz, CDCl;) ¢ (ppm): 7.77-7.65 (m, 2H), 7.60-7.51 (m, 3H),
4.25-4.03 (m, 4H), 3.50-3.22 (m, 2H), 1.36-1.21 (m, 6H).

General procedure for the preparation of the vinyl sulfides.
Under an argon atmosphere, a dry 50 mL two-necked flask was
charged with diethyl phenylthiomethylphosphonate (1, 0.911 g,
3.5 mmol) and THF (30 mL) at room temperature. NaH (60% in
mineral oil; 0.139 g, 3.5 mmol) was added to the solution and
stirred for 15 min. After this time, the appropriate carbonyl
compound (3 mmol) was added and the reaction was stirred for
approximately 24 h at 60 °C (oil bath temperature). The system
was cooled to room temperature, a saturated aqueous NH,Cl
solution (20 mL) was added, the mixture was extracted with
CH,Cl, (2 x 20 mL), and the organic layer was dried over
MgSO,, filtered and concentrated under reduced pressure. The
residue was purified by column chromatography, eluting with
ethyl acetate/hexanes (1 : 9, v/v).

N,N-Diphenyl-4-(2-(phenylthio)vinyl)aniline (P1). Pale yellow
solid. Yield: 1.058 g (93%). Mp: 126 °C. E/Z: 6/1. "H NMR (400
MHz, CDCl;, TMS) E/Z isomers ¢ (ppm): 7.52-7.43 (m, 2H),
7.40-7.25 (m, 9H), 7.18-7.04 (m, 8H), 6.81 (d,J = 15.4 Hz, 1H, E),
6.76 (d,J = 15.4 Hz, 1H, E), 6.58 (d, ] = 10.7 Hz, 1H, Z), 6.44 (d, J
= 10.7 Hz, 1H, Z). "*C NMR (100 MHz, CDCl;, TMS) 6 (ppm):
120.9, 123.1, 123.2, 123.5, 124.6, 124.6, 126.7, 127.0, 129.1,
129.3, 129.5, 129.8, 129.9, 130.7, 132.5, 135.9, 147.6. FTIR (v/
em™Y): 3417, 3016, 1589, 1489, 1327, 1280, 1072, 740, 686, 640.
Anal. calcd for C,¢H,;NS: C, 82.28; H, 5.58; N, 3.69. Found: C,
82.18; H, 5.35; N, 3.24.

Phenyl(2-(pyren-1-yl)vinyl)sulfane (P2). Pale yellow solid.
Yield: 0.898 g (89%). Mp: 112 °C. E/Z: 5/1. "H NMR (400 MHz,
CDCl;, TMS) E/Z isomers ¢ (ppm): 8.23-8.19 (m, 1H), 8.13-7.89
(m, 7H), 7.70 (d, J = 15.2 Hz, 1H, E), 7.51-7.40 (m, 2H), 7.36-7.18
(m, 3H), 7.07 (d, ] = 15.2 Hz, 1H, E), 6.81 (d,J = 10.4 Hz, 1H, 2).
3C NMR (100 MHz, CDCl;, TMS) 6 (ppm): 122.9, 123.6, 124.5,
124.9, 125.0, 125.1, 125.3, 126.0, 126.6, 127.2, 127.3, 127.4,
127.7, 127.8, 128.7, 129.2, 129.3, 130.0, 130.1, 130.9, 130.9,
131.1, 131.6, 135.3. FTIR (v/em™%): 3471, 3425, 3016, 1573, 1473,
1087, 941, 840, 740, 694. Anal. calcd for C,,H;¢S: C, 85.68; H,
4.79. Found: C, 85.28; H, 4.57.

General procedure for the preparation of the vinyl sulfox-
ides. To a dry 50 mL two-necked flask, under argon atmosphere,
was added diethyl ((phenylsulfinyl)methyl)phosphonate (4,
0.54 g, 1.95 mmol) and THF (15 mL) at room temperature. NaH
(60% in mineral oil; 0.078 g, 1.95 mmol) was added to solution
and stirred for 15 min. After this time, the appropriate carbonyl
compound (1.67 mmol) was added and the reaction was stirred
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for approximately 24 h at 60 °C (oil bath temperature). The
system was cooled to room temperature and saturated aqueous
NH,CI solution (20 mL) was added; the mixture was extracted
with CH,Cl, (2 x 20 mL), the organic layer was dried over
MgSO,, filtered and concentrated under reduced pressure. The
residue was purified by column chromatography, eluting with
ethyl acetate/hexanes (1 : 9, v/v).

N,N-Diphenyl-4-(2-(phenylsulfinyl)vinyl)aniline (P3). Yellow
solid. Yield: 0.579 g (71%). Mp: 44 °C. E/Z: 7/1. "H NMR (400
MHz, CDCl;, TMS) E/Z isomers 6 (ppm): 7.69-7.65 (m, 2H),
7.52-7.44 (m, 3H), 7.15-6.96 (m, 8H), 6.67 (d, ] = 15.5 Hz, 1H, E),
6.29 (d, J = 10.6 Hz, 1H, Z). "*C NMR (100 MHz, CDCl;, TMS)
6 (ppm): 121.2, 124.0, 124.4, 125.0, 125.6, 127.5, 129.2, 129.6,
129.8, 133.0, 141.5, 142.3, 146.7, 150.8. FTIR (v/cm™'): 3448,
3032, 1589, 1489, 1327, 1280, 1080, 1033, 748, 694. (ESI-MS) m/z:
[M + HJ" calcd for C,sH,,NOS 396.1417, found 396.1445.

(E)-1-(2-(Phenylsulfinyl)vinyl)pyrene (P4). Yellow solid. Yield:
0.540 g (68%). Mp: 183 °C. 'H NMR (400 MHz, CDCl;, TMS)
0 (ppm): 8.42 (d, J = 15.1 Hz, 1H), 8.39 (d, 1H), 8.16-7.93 (m,
8H), 7.77 (d, 2H), 7.55-7.47 (m, 3H), 7.04 (d, J = 15.2 Hz, 1H).
13C NMR (100 MHz, CDCl;, TMS) 6 (ppm): 122.4, 124.3, 124.6,
124.9, 125.7, 125.9, 126.3, 127.2, 127.5, 128.4, 128.6, 129.2,
129.6, 130.7, 131.2, 131.3, 132.3, 133.4, 135.1, 144.1. FTIR (v/
em™Y): 3441, 3047, 1597, 1087, 1049, 941, 848, 709. Anal. caled
for C,,H;40S: C, 81.79; H, 4.58. Found: C, 80.99; H, 5.08.

General procedure for the preparation of vinyl sulfones. To
a dry 50 mL two-necked flask were added the vinyl sulfide P1 or
P2 (0.5 mmol) and CH,Cl, (15 mL). The system was cooled with
ice-water bath and mCPBA (50%, 0.516 g, 1.5 mmol) was added
and the reaction was stirred for approximately 24 h at room
temperature. The reaction mixture was diluted with CH,Cl, (10
mL) and washed with 30% Na,S,0; solution (2 x 15 mL) and
5% NaHCOj; solution (3 x 15 mL). The organic layer was dried
over MgSO, and concentrated under reduced pressure. The
residue was purified by column chromatography, eluting with
ethyl acetate/hexanes (2 : 8, v/v).

(E)-N,N-Diphenyl-4-(2-(phenylsulfonyl)vinyl)aniline (P5).
Yellow solid. Yield: 0.160 g (78%). Mp: 161 °C. '"H NMR (400
MHz, CDCl;, TMS) 6 (ppm): 7.93-7.90 (m, 2H), 7.61-7.49 (m,
4H), 7.31-7.24 (m, 6H), 7.10-7.07 (m, 6H), 6.96 (d, J = 8.7 Hz,
2H), 6.66 (d,J = 15.3 Hz, 1H). **C NMR (100 MHz, CDCl;, TMS)
6 (ppm): 121.2, 124.0, 124.4, 125.0, 125.6, 127.5, 129.2, 129.6,
129.8, 133.0, 141.5, 142.3, 146.7, 150.8. FTIR (v/cm™'): 3448,
3047, 1581, 1489, 1334, 1303, 1141, 1080, 702, 617, 501. (ESI-
MS) m/z: [M + H]" caled for Cy6H,;NO,S 412.1366, found
412.1385.

(E)-1-(2-(Phenylsulfonyl)vinyl)pyrene (P6). Yellow solid.
Yield: 0.138 g (75%). Mp: 190 °C. '"H NMR (400 MHz, CDCl;,
TMS) 6 (ppm): 8.75 (d, J = 15.1 Hz, 1H), 8.36 (d, 1H), 8.20-
7.96 (m, 10H), 7.64-7.52 (m, 3H), 7.08 (d, J = 15.1 Hz, 1H).
C NMR (100 MHz, CDCl;, TMS) 6 (ppm): 121.9, 124.4,
124.8, 124.9, 125.7, 126.2, 126.3, 126.4, 127.2, 127.8, 128.7,
129.1, 129.4, 130.1, 130.5, 131.2, 133.3, 133.4, 139.2, 141.0.
FTIR (v/em™'): 3417, 2916, 1597, 1319, 1149, 1080, 840, 578.
(ESI-MS) m/z: [M + H]" caled for C,,H;60,S 369.0944, found
369.0960.

This journal is © The Royal Society of Chemistry 2017
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Results and discussion
Synthesis

The precursors, the phosphonates 1, 4 and 4-diphenylamino
benzaldehyde (2) were prepared following reported procedures.
The syntheses of the sulfur-based chromophores P1-P6, via the
Horner-Wadsworth-Emmons reaction, are presented in
Scheme 1.

The synthesis of the vinyl sulfides and sulfoxides was carried
out by treatment of the appropriate aldehyde with the phos-
phonates 1 or 4 using NaH as base, in THF at 60 °C for 24 h. The
sulfides P1 and P2 were obtained in excellent yields, 93% and
89%, respectively, with a clear preference for the E isomers. The
vinyl sulfoxides P3 and P4 were obtained in 71% and 68% yield,
respectively. As expected, the stereoselectivity of the HWE
reaction was very high, yielding P3 with clear preference for the
E isomer and P4 solely as the E isomer. On the other hand, the
vinyl sulfones P5 and P6 were successfully synthesized in good
yields (78% and 75%, respectively) by oxidation of the vinyl
sulfides P1 and P2 with mCPBA. As observed in a previous
work,*"*® the oxidation reaction caused the isomerization of the
Z isomers, yielding the sulfones as single E isomers. The dyes
P1-P6 were fully characterized by "H and '*C NMR, FTIR, high-
resolution mass spectrometry (HRMS) or elemental analysis.
The stereochemistry of the products was established on the
basis of the coupling constants of the vinylic protons in their "H
NMR spectra (Jyrqns ~ 15 Hz and J;5 ~ 10 Hz).

Photophysical characterization

The absorption spectra of the sulfur based compounds P1-P6 in
different organic solvents are shown in Fig. 1 and 2. The rele-
vant data from UV-Vis absorption spectroscopy are presented in
Table 1. The UV-Vis absorption curves allowed to relate the
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Scheme 1 Synthesis of the sulfur-based dyes P1-P6.
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Fig. 1 UV-Vis absorption spectra of the sulfide P1, sulfoxide P3 and
sulfone P5 based triphenylamino compounds in different organic
solvents [107° M].
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Fig. 2 UV-Vis absorption spectra of the sulphide (P2), sulfoxide (P4)
and sulfone (P6) based pyrene compounds in different organic
solvents [107° M].

experimental extinction coefficients ¢ with the calculated radi-
ative rate constants k2 and the oscillator strengths (f.), using the
Strickler-Berg relation presented in eqn (1),*

fo=43 x 107 Jedv (1)
where the integral is the area under the absorption curve from

the plot of the molar absorptivity coefficient e (M~ cm™") vs. the
wavenumber 7 (cm™"') corresponding to a single electron
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Table1 Relevant photophysical data of the UV-Vis spectra, where the
concentrations are presented in 1075 M, Agps is the absorption maxima
(nm), ¢ is the molar absorptivity (10* M~ cm™), f. is the calculated
oscillator strength, k2 is the calculated radiative rate constant (108 s
and 0 is the calculated pure radiative lifetime (in ns)

Dye Solvent? Conc. Aabs e fe 2 7°
P1 DIO 2.21 352 3.59 0.96 7.71 1.30
DCM 2.89 354 2.07 0.47 3.75 2.67
EtOH 2.21 350 3.31 0.83 6.78 1.48
MeCN 2.21 348 3.06 0.85 7.02 1.43
P3 DIO 2.28 359 2.96 0.48 3.72 2.69
DCM 1.79 364 1.88 0.39 2.91 3.43
EtOH 1.79 365 2.75 0.61 4.57 2.19
MeCN 1.79 359 2.66 0.51 3.98 2.51
P5 DIO 2.19 376 3.39 0.62 4.42 2.26
DCM 1.41 382 3.30 0.93 6.35 1.58
EtOH 1.72 378 3.28 0.66 4.65 2.15
MeCN 1.72 375 3.49 0.61 4.31 2.32
P2 DIO 211 371 4.38 0.81 5.87 1.70
DCM 2.49 370 2.87 0.57 4.18 2.39
EtOH 1.63 367 5.52 0.97 7.19 1.39
MeCN 2.03 368 4.91 0.79 5.84 1.71
P4 DIO 2.19 362 3.91 0.69 5.26 1.90
DCM 2.56 369 2.79 0.52 3.83 2.61
EtOH 2.21 369 4.12 0.77 5.66 1.77
MeCN 2.21 360 4.08 0.81 6.24 1.60
P6 DIO 2.28 371 3.58 0.62 4.52 2.21
DCM 2.10 372 2.57 0.52 3.77 2.65
EtOH 2.28 370 3.88 0.64 4.69 2.13
MeCN 2.28 370 3.51 0.76 5.55 1.80

“ DIO = 1,4-dioxane, DCM = dichloromethane, EtOH = ethanol and
MeCN = acetonitrile.

oscillator. The rate constant (k2) for emission can be related to
the extinction coefficient for absorption using the eqn (2), where
the pure radiative lifetime, t° is defined as 1/k2.5°

K =288 x 1077 Jed;‘/ 4 )

The sulphur-based compounds containing the triphenyla-
mino moiety presented absorption maxima located in the UV-A
region (350, 362 and 378 nm for P1, P3 and P5, respectively)
(Fig. 1). The molar absorptivity values (¢, ~10* M~ ecm™') and
the calculated radiative rate constants (k2, ~10® s™*) indicated
spin and symmetry allowed electronic transitions, related to "7t
7* transitions. Although no relation was detected between the
location of the absorption maxima and the solvent polarity, it
was observed for all compounds a small solvatochromic effect
(Aqps ~ 450 cm ™), indicating an almost absent charge transfer
character in the ground-state.

A similar photophysical behaviour could be observed for the
pyrene derivatives P2, P4 and P6, where 'm-t* electronic tran-
sitions were ascribed to the absorption maxima located at 369,
365 and 371 nm, respectively (Fig. 2). In addition, despite the
presence of electron withdrawing and electron donating groups
(EWG and EDG, respectively) in the m-conjugated system, the
small value for the Al (~370 cm ™), also indicated the absence
of charge transfer state in these compounds in the ground-state.
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It is worth mentioning that the studied sulfur derivatives con-
taining the triphenylamino moiety P1, P3 and P5 presented
a redshift on the location of the absorption maxima with increase
of the electron withdrawing effect, from sulfide to sulfone (24-28
nm). Since this behavior is not observed in P2, P4 and P6, the
redshift cannot be related only to changes in the withdrawing
effect of the chromophore (sulfide-sulfoxide-sulfone). Thus, it is
believed that the donating effect is also playing an important role
on the observed photophysical behaviour, because the pyrene
presents lower donor ability than the triphenylamino group. An
almost constant radiative lifetime (t° ~ 2 ns) was calculated for
the compounds in all studied solvents, indicating that after
radiation absorption, the dyes populate the same excited state.

The fluorescence emission spectra of compounds P1-P6 are
shown in Fig. 3 and 4. The relevant data from the steady-state
fluorescence spectroscopy are presented in Table 2. The emis-
sion curves were obtained by exciting the compounds at the
absorption maxima wavelength. The sulfur based compounds
containing the triphenylamino moiety presented a main emis-
sion band located in the violet-green region, which can be
related to a vertical transition from the lowest excited state with
the largest oscillator strength, as observed in Table 1 for the
almost unitary values of f.. For all compounds a significant
redshift (Adem) on the emission maxima is observed with
increasing the solvent polarity. Values from 36 to 85 nm (1915 to
3531 cm ') were calculated for sulfide to sulfone compounds.

The positive solvatochromism can be related to a better
electron delocalization in the excited state afforded by an
intramolecular charge transfer state in these compounds.

The increase of the calculated Stokes' shift with increase of
the dielectric constant of the solvent (1,4-dioxane to acetoni-
trile) is consistent with the stabilization of the charge transfer
state by the polar solvents (Table 2).
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Fig. 3 Fluorescence spectra of the sulphide (P1), sulfoxide (P3) and
sulfone (P5) based triphenylamino compounds in different organic
solvents [107° M].
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Fig. 4 Fluorescence emission spectra of the sulfide P2, sulfoxide P4
and sulfone P6 based pyrene compounds in different organic solvents
(107> M].

Table 2 Relevant photophysical data of the fluorescence spectra,
where Aem is the emission maxima (nm), Aist is the Stokes' shift (nm
cm™Y), Adem is the solvatochromism in the excited state (hm cm™) and
&r is the fluorescence quantum yield (%)

Dye  Solvent”  Solvent Jdem  Adem Adgr  Dpp,
P1 DIO Hexane 416 36/1915 4371 0.34
DCM Toluene 437 5365  0.22
EtOH 1,4-Dioxane 434 5694 0.32
MeCN Dichloromethane 452 6612  0.46
P3 DIO Hexane 450 51/2262 5633 0.27
DCM Toluene 483 6683 0.27
EtOH 1,4-Dioxane 506 7634 0.45
MeCN Dichloromethane 501 7895  0.35
P5 DIO Hexane 450 85/3531 6533 0.29
DCM Toluene 508 6493  0.33
EtOH 1,4-Dioxane 524 7371 0.45
MeCN Dichloromethane 535 7975  0.20
P2 DIO Hexane 428 13/689 3590 0.26
DCM Toluene 435 4039  0.23
EtOH 1,4-Dioxane 433 4153 0.25
MeCN Dichloromethane 441 4498  0.25
P4 DIO Hexane 417 16/886 3643 0.44
DCM Toluene 432 3952  0.48
EtOH 1,4-Dioxane 444 4578  0.32
MeCN Dichloromethane 433 4683  0.16
P6 DIO Hexane 430 25/1278 3698 0.47
DCM Toluene 449 4610  0.25
EtOH 1,4-Dioxane 455 5049 0.36
MeCN Dichloromethane 455 5049  0.45

“ DIO = 1,4-dioxane, DCM = dichloromethane, EtOH = ethanol and
MeCN = acetonitrile.

Moreover, this effect is greater in the sulfone derivative P5
due to higher electronic withdrawing character of this group
relative to sulfoxide P3 and sulfide P1.
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This behaviour indicates that the excited state of these
compounds is more polar than the ground state one, i.e. tie > fig.
In this scenario, the relaxed excited state seems to be more
stabilized relative to the ground state by increasing the polarity
of the solvent.

As already observed for compounds P1, P3 and P5, the pyr-
ene based sulfur compounds also present a single emission
band located in the visible region of the spectra (violet to blue).
Values from the calculated oscillator strength also allowed to
relate the observed deactivation pathway with the lowest excited
state. Although much less intense than the triphenylamino
analogues, a redshift on the emission maxima (Al,) was also
observed with changes in the solvent polarity. Compounds P2,
P4 and P6 presented values from 13 to 25 nm (689 to 1278
em™ "), increasing from sulfide to sulfone derivatives, which can
also be related to a ICT state. This difference is probably due to
the less donating character of the pyrene group with regard to
the triphenylamino moiety. Once again the sulfone derivative
P6 presented the highest redshift due to higher electronic
withdrawing character of this group compared to sulfoxide P4
and sulfide P2. In these compounds, the Stokes' shift values also
relates to an ICT state in the excited state. It is worth
mentioning that in ethanol some compounds presented an
unexpected behaviour due to a specific solvent-fluorophore
interaction, such as hydrogen bonding.’” The calculated fluo-
rescence quantum yields (®g;) were in agreement with the
values reported in the literature for push-pull vinylic
compounds® or sulfur compounds containing EDG or EWG
moieties.?®375%¢ The almost similar @y, calculated for all
compounds indicate that different electron donating groups, as
well as the oxidation state of the sulfur atom do not affect
significantly the excited singlet state deactivation. Similar sulf-
oxide derivatives bearing a pyrene moiety were reported in
fluorescence chemosensor applications.®* The very low fluores-
cence quantum yields were related to excited-state pyramidal
inversion of the sulfoxide-appended fluorophores,* which were
suppressed after metal coordination. Besides the extension of
the m-conjugation provided by the vinyl moiety, this group also
seems to play an interesting role in the photophysics of the
studied compounds. The observation of higher fluorescence
quantum yields suggests that minimization of the pyramidal
inversion of the sulfoxide is operative, as an excited state
deactivation channel. On the other side, the shape of the
absorption and emission spectra of the pyrene derivatives are
different from those observed in similar compounds.*”*

To better understand the extend of the intramolecular
charge transfer character in these compounds, the difference in
the dipole moment between the excited and ground states
(Aueg) were obtained for dyes P1, P3 and P5 using the Lippert-
Mataga eqn (3):%

2(Apgy)’

hed? Af + Avg (3)

AﬁST =

This equation compares the solvatochromic shifts from the
absorption and emission maxima, as well as the Stokes' shift
versus the orientation polarization function (Af),***” were
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a linear correlation indicates intramolecular charge transfer
character.®* In this equation, % is the Planck’s constant, c is the
speed of light, a is the Onsager cavity radius, which was ob-
tained in gas phase using CAM-B3LYP/jun-cc-pVIZ level of
theory. For these calculations were used values 0.5 angstrom
smaller than those calculated (5.44, 5.36 and 5.12 angstrom for
P1, P3 and P5, respectively).

Fig. 5 presents the Lippert plot of the absorption, fluores-
cence emission maxima and Stokes' shift (Avsr = Vaps — Vem)
versus the orientation polarisability (Af) for P1, P3 and P5. Any
significant solvatochromic effect was observed taking the
absorption maxima into account (Fig. 5a), which can be related
to absence of charge transfer in the ground state. On the other
hand, the negative slope on the emission maxima, as well as the
increasing slope on the Stokes' shift (Fig. 5b and c, respectively)
indicate intramolecular charge transfer (ICT) mechanism in the
excited state. From the slope of the Stokes' shift versus the
orientation polarisability plot, the change in the dipole moment
(Aueg) of the fluorophores upon excitation was estimated as
15.40 D for P1, 14.76 D for P3 and 14.43 D for P5. It is worth to
mention that the ICT process, as well as the significative
difference in the dipole moment between the excited and
ground states were already predicted by theoretical calculations
obtained in this work.

Theoretical calculations

The wavelengths of the absorption and emission maxima ob-
tained with the CAM-B3LYP functional are shown in Table 3. A
comparison between these results and those obtained with
PBE1PBE is shown in the ESI (Table ESI1%). It is known from the
literature that CAM-B3LYP generally provides a better descrip-
tion of the excited states with charge transfer and Rydberg
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Fig. 5 Solvent effect on the (a) absorption maxima, (b) fluorescence
emission and (c) Stokes' shift of the sulfide P1, sulfoxide P3 and sulfone
P5. Afis given as Af = [(e — 1)/(2¢ + 1)] — [(n? — 1)/(2n? + 1)], where ¢ is
dielectric constant and n is the refractive index for a mixture of
solvents.®®
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Table 3 Calculated photophysical data of the P1-P6 dyes, where A,p¢
and A, are the absorption and emission maxima, respectively (nm), fo
is the theoretical oscillator strength and w is the dipole moment (D) for
molecules in their respective Sg (ground) and S; (excited) electronic
states

So Sy
Dye Solvent® Aabs  fe n Aem fe I
P1 DIO” 368 0.853 1.85 451 0.785 10.98
DIO 329 0.938 1.83 412 0.999 4.19
DCM 330 0.945 2.09 427 1.140 4.98
EtOH 329 0.930 2.17 431 1.174 5.18
MeCN 329 0.926 2.18 432 1.180 5.22
P3 DIO? 374 0.891 5.19 486 0.206 25.82
DIO 331 0.990 5.18 385 1.007 12.40
DCM 332 1.006 5.98 407 1.194 13.46
EtOH 331 0.996 6.23 412 1.235 13.79
MeCN 331 0.993 6.27 414 1.243 13.87
P5 DIO” 395 0.923 7.98 531 0.120 29.72
DIO 343 1.073 7.83 399 0.965 18.28
DCM 346 1.101 8.86 419 1.181 19.03
EtOH 346 1.097 9.17 425 1.236 19.33
MeCN 346 1.094 9.23 427 1.246 19.39
P2 DIO? 396 0.848 1.77 485 0.987 4.41
DIO 354 0.922 1.73 447 1.115 2.14
DCM 354 0.929 1.94 471 1.366 2.47
EtOH 353 0.904 2.00 479 1.437 2.56
MeCN 353 0.897 2.01 480 1.450 2.58
P4 DIO? 384 0.915 4.24 444 1.068 4.76
DIO 350 0.984 4.36 420 1.155 4.84
DCM 350 0.986 5.15 445 1.392 5.66
EtOH 349 0.960 5.41 453 1.454 5.92
MeCN 349 0.953 5.45 454 1.465 5.96
P6 DIO? 403 0.898 6.64 452 1.026 12.94
DIO 362 0.998 6.61 428 1.154 10.49
DCM 365 1.004 7.59 458 1.385 11.82
EtOH 364 0.979 7.88 468 1.445 12.21
MeCN 364 0.972 7.94 469 1.456 12.29

“ DIO = 1,4-dioxane, DCM = dichloromethane, EtOH = ethanol and
MeCN = acetonitrile. ” Calculated with PBE1PBE/jun-cc-pVTZ//
PBE1PBE/cc-pVDZ. The remaining data were calculated with CAM-
B3LYP/jun-cc-pVTZ//CAM-B3LYP/cc-pVDZ.

states than hybrid functionals, like PBE1PBE.****** However,
the latter is well known for furnishing good results in the
absorption and emission calculated spectra, and exhibiting
mean absolute errors about 0.30 eV on determinations of
wavelength maxima.****%%” CAM-B3LYP is a range separated
exchange and LYP correlation, which allows an improvement on
the description of charge transfer states.” This is an important
fact to be taken into account when studying molecules which
could have a strong ICT character, like those with a D-m-A
structure. ICT plays a key role in solar energy conversion
devices, as it impacts directly into the dye efficiency as
sensitizer.***

In the present work, CAM-B3LYP provided a better descrip-
tion of the absorption and emission spectra, presenting a lower
mean deviation on absorption and emission maxima compared
to the experimental data (Table ESI1T). Thus, the geometries
and electronic properties of the compounds will be discussed
based only on CAM-B3LYP calculations.

This journal is © The Royal Society of Chemistry 2017
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Calculated vertical absorption and emission wavelength
maxima for the molecules P1-P6 can be seen in Table 3. Changes
in the absorption and emission wavelengths were observed by
changing the donor and acceptor groups attached to the central
part of the molecule. In P1, P3, and P5 the presence of the donor
group triphenylamino leads to absorption maxima located
around 329, 331, and 345 nm, respectively. By changing the
donor group to pyrene (P2, P4, and P6), the mean values of
absorption wavelength maxima are shifted to 353, 350 and
363 nm, respectively. In general, the oxidation of vinyl sulfides,
producing the respective vinyl sulfoxides and sulfones, causes
deviations to red in the absorption wavelength maxima. This
tendency is the same observed in the experimental results and
can be related to the increase of the electron withdrawing effect
from sulfide to sulfone and to the nature of the electron-donating
group. Since the triphenylamino group has greater donor ability
than pyrene, it is possible to see higher charge separation in P1,
P3, but mainly in P5, as observed in the HOMO-LUMO plots
(Fig. 7). In addition, the high oscillator strength in all cases
indicates a high probability of transition associated to HOMO-
LUMO, that can be assigned to 't-mc* electronic transitions.

The increase in solvent polarity did not present a significant
effect in the absorption maxima, indicating the lack of sol-
vatochromic effects in the ground state. In contrast, the main
emission bands showed a significant bathochromic effect when
the dielectric constant of the solvent was increased. This effect
was higher when the solvent was changed from 1,4-dioxane to
dichloromethane and can be assigned to a greater stabilization
of the molecules by the solvent in the excited state than in the
ground state. Since the molecules are more polar in S;, an
increase in the solvent polarity will stabilize the first excited
state more than the ground state.” It has also been noted that
changes in dipole moment from S, to S; are more significant in
sulfones than in sulfides and sulfoxides. This can be attributed
to the higher electron-withdraw character of the former group.
In addition, the higher electron-donating character of the tri-
phenylamino group helps to increase the difference in dipole
moment from S, to S;, improving the charge separation and
enabling the existence of an intramolecular charge transfer
state in the molecule (that aspect will be subsequently
discussed).

Fig. 6 shows the optimized geometries calculated for the
ground and first excited states using CAM-B3LYP and 1,4-
dioxane as solvent. The main differences in bond lengths and
angles for the structures are summarized in Tables ESI2 and
ESI3.t Since the E isomer was the major product in all cases,
only the geometries of these isomers were calculated. For P1, P3,
and P5, in the ground state, it can be seen that both external
phenyl rings are out-of-plane, presenting a dihedral angle d; of
approximately 45°. The central phenyl ring is in the same plane
of the double bond, showing a dihedral angle d, around 0°. In
excited state, d, comes close to 35°, while d, undergoes a small
variation, assuming a planar structure along the m-bridge part
of the conjugated system, in agreement with previous reports in
the literature.” It is interesting to note that the phenyl ring
attached to sulfur is not in the same plane of the = bridge, being
almost perpendicular to it (ds;). Upon excitation, there is

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Molecular geometries of the P1-P6 dyes in the ground (left)
and first excited (right) states, calculated at the CAM-B3LYP level in
1,4-dioxane.

a rotation of this ring in P1, while no significant rotation is
observed in P3 and P5. Compounds P2, P4, and P6 have a pyrene
motif as donor. In these molecules, the dihedral angle between
the pyrene moiety and the double bond is in the range of 16-30°
in the ground state, and becomes almost planar in the excited
state. In the same way as in P1, P3 and P5, the phenyl ring
bonded to the sulfur is not in the same plane of the remainder
part of the molecule, being almost perpendicular to it, and
rotating in P2 from S, to S;. Comparing the geometries of the
ground and excited states, the attachment of oxygen atoms to
the sulfur does not lead to significant changes in the structures.
This is reflected in a small geometrical reorganization after the
electronic transition. By changing the solvent, a very small shift
is observed in the geometries, as can be seen in Table ESI2.}
The geometry of the molecules has an important role in
systems that can present intramolecular charge transfer. For
example, it is expected that the planarity of the donor moiety
and the whole conjugated system (donor-m-bridge-acceptor)
improves the mobility of electrons, resulting in a better charge
transfer.®® The molecules under study have a D-1t-A structure,
which is desirable for a sensitizer, as it helps to separate

RSC Adv., 2017, 7, 8832-8842 | 8839
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spatially the HOMO and LUMO molecular orbitals.*® In fact,
despite pyrene derivatives are more planar than the tripheny-
lamino derivatives, this does not improve the charge separation
in the molecules, as can be seen in Fig. 7. As the change in the
dielectric constant of the solvent has no considerable effect in
molecular orbitals, these plots are representative for all studied
solvents (Fig. ESI1 and ESI2t).

It is possible to observe that in P1, the HOMO is localized at
the donor group (triphenylamino or pyrene), but the LUMO is in
the same group. This means that there is not an efficient charge
separation, but the addition of oxygen atoms can help to
improve this behaviour. Mainly in P5, a clear spatial separation
of HOMO and LUMO can be observed, which means that P5
presents an ICT character. Furthermore, the large redshift in
the maxima emission wavelength and the large dipole moment
changes between the ground and first excited states are
evidences of the ICT character in P5.

On the other hand, P2, P4 and P6 undergo a different
pathway, since pyrene has a small electron-withdrawing char-
acter. The attachment of oxygen atoms to sulfur still increases
the molecular orbital separation (even poorly from P2 to P4 and

HOMO

LUMO

P1

P3

P5

P2

P4

P6

Fig. 7 HOMO and LUMO of the P1-P6 dyes, calculated at the CAM-
B3LYP level in 1,4-dioxane.
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a little bit better from P4 to P6). However, the HOMO and LUMO
are virtually in the same portion of the molecule, indicating
a local excitation, leading to a high electron-hole recombina-
tion rate.®>”

The charge transfer character could be evaluated using
descriptors based in TD-DFT, like the Ar-index. This descriptor
was proposed in 2013 by Guido et al. and is based on the
distances between the centroids of the orbitals involved in the
excitations and interpreted in terms of the hole-electron
distance.” This distance is related to the nature of the elec-
tronic transition since, often, local excitations are characterized
by short distances, while larger distances are usually found for
charge transfer excitations. Using this descriptor, available in
Multiwfn, a multifunctional wavefunction analyzer,” we have
obtained values equal to 1.8, 3.2, 4.1 A for P1, P3 and P5,
respectively and values equal to 0.9, 0.9 and 1.5 A for P2, P4 and
P6, respectively. According to the authors, these values indicate
that charge transfer excitations are expected only for P3 and P5,
in agreement with our previous discussion based on HOMO-
LUMO separations and dipole momenta variations.

Conclusions

In summary, new vinyl sulfides and sulfoxides were successfully
synthesized by reaction of appropriate aldehydes (triphenyl-
amine and pyrene derivatives) and phosphonates, using NaH as
base. These compounds were obtained in excellent yields with
a clear preference for the E isomers. It could also be observed
that the stereoselectivity of the Horner-Wadsworth-Emmons
reaction was significantly high. In addition, the related vinyl
sulfones were also accessed in good yields by a simple oxidation
step of the respective vinyl sulfides using mCPBA. The oxidation
reaction took place with isomerization of the Z isomers, yielding
the sulfones as single E isomers. The introduction of sulfoxide
and sulfones as electron-withdrawing groups resulted in
a series of small dyes with the D-m-A structure. All studied
compounds presented absorption maxima located in the UV-A
region with molar absorptivity coefficient ¢ values (~10* M ™"
em ') and calculated radiative rate constants k2 (~10% s7)
related to spin and symmetry allowed 'm—w* electronic transi-
tions. For both sets of compounds, despite the presence of
electron withdrawing and electron donating groups in the
vinylic conjugated system, a small solvatochromic effect was
observed, indicating an almost absent charge transfer character
in the ground-state. The sulfur based compounds containing
the triphenylamino moiety present a main emission band
located in the violet-green region. These compounds show
a significant redshift on the emission maxima with increasing
solvent polarity (1915 to 3531 cm ™, from sulfide to sulfone,
respectively). The positive solvatochromism can be related to
a better electron delocalization in the excited state resulting
from an intramolecular charge transfer state in these
compounds. Moreover, this effect is greater in the sulfone
derivative due to the higher electronic withdrawing character of
this group relative to sulfoxides and sulfides. The pyrene based
sulfur compounds also present an emission band in the violet-
blue region. A less intense redshift in the emission maxima with

This journal is © The Royal Society of Chemistry 2017
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increasing solvent polarity was observed in the pyrene deriva-
tives due to the less donating character of the pyrene group
relative to the triphenylamino moiety. DFT and TD-DFT calcu-
lations were performed at the PBE1PBE and CAM-B3LYP levels.
The CAM-B3LYP functional presented a better agreement with
the experimental photophysical data. In the ground state no
solvatochromic effect was observed. On the other hand, a bath-
ochromic effect was detected in the emission maxima when the
solvent dielectric constant was increased. This behavior indi-
cates a higher stabilization of S; compared to S,. All the vertical
electronic transitions can be assigned to a 'm-m* character.
Starting from sulfides to sulfones, the addition of oxygen atoms
improves the charge separation, enabling an ICT state mostly in
P3 and P5. This charge separation is more evident among the
triphenylamino derivatives than in the pyrene derivatives, since
the first one has a better electron-donating character.
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