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Experimental and theoretical investigation of tetra-oxidized 
terarylenes with high-contrast fluorescence switching 

Rui Kanazawa,a Maki Taguchi,a Takuya Nakashimaa and Tsuyoshi Kawaia,b* 

Tetra-oxidized terarylenes having ethyl groups at the reactive carbon atoms are synthesized and their photophysical 

properties are studied. Their closed-ring isomers exhibit much lower cycloreversion quantum yields and relatively high 

fluorescence quantum yields. Introducing ethyl groups at the reactive carbon atoms provides an improvement in the 

fluorescence quantum yields by the intramolecular hydrogen bonding in the closed-ring isomers to reduce the non-radiative 

decay processes coupled with molecular motions. Quantum chemical calculations were carried out to study their 

geometrical and optical properties, which agree well with the experimental findings.

Introduction  

Photoresponsive molecular materials have been an attractive 

subject of research for a long time.1-3 They are even more 

noteworthy with the emergence of high performance 

optoelectronic organic devices involving photoreactive 

systems.4,5 For example, photoresponsive molecular systems 

were integrated with organic electronics such as photovoltaic 

solar cells (OPVs),6,7 field-effect transistors (OFETs)8-10 and 

light emitting diodes (OLEDs)11-13 to switch their performances 

by means of light irradiation. Among the photoresponsive 

molecules, photochromic compounds based on diarylethenes 

show great prospects in potential applications for photonic 

devices due to their switchable photophysical properties.14 

Meanwhile, we have proposed a triangle terarylene system 

which is composed of three or more heteroaryl groups to form a 

6-hexatriene backbones, which undergo reversible 

photoinduced 6-electrocyclization in a similar manner to 

diarylethenes.15-17 This type of photochromic compounds 

exhibited excellent photochromic performances including very 

high photoreactivity18 as well as various switching capabilities.19  

Recently, we reported that the substitution of aryl units with 

oxidized thienyl groups having S,S-dioxide moieties is effective 

to improve the fluorescence properties of closed-ring form 

isomers of terarylenes,  in a similar manner to diarylethene based 

molecules20,21 and some of them showed quasi-irreversible 

photo-cyclization reaction with very small photo-cycloreversion 

quantum yields.22 Terarylenes with S,S-dioxidized aryl units 

were further demonstrated as an emitting  material with a photo- 
Scheme 1 Photochromic reaction of terarylenes 

patternable property in OLED devices.13 Meanwhile, Irie and co-

workers reported very high fluorescence quantum yields over 

80% for closed-ring form of diarylethenes having S,S-dioxidized 

benzothiophenes with ethyl groups on the reactive carbon atoms 

at both ends of a 6-system.21 Although the effect of substituents 

on the photophysical properties including the fluorescence 
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property and photochromic reactivity of tetra-oxidized 

diarylethenes and terarylenes have been reported, details of 

photophysical properties and approaches by means of quantum 

chemical calculations have not been fully studied.11 

In attempt to reveal the relationship between molecular 

structures and photophysical properties of these photochromic 

compounds, we studied terarylene derivatives which have 

different side aryl groups with ethyl substituents at the reactive 

carbon atoms. We focused on the intramolecular hydrogen 

bonding between the alkyl groups at the reactive carbon atoms 

and the oxygen atoms of SO2 units, which is considered to 

contribute to the improvement of fluorescence properties in 

closed-ring isomers. Ethyl groups are therefore introduced at the 

reactive carbon atoms to enhance the CH/OS intramolecular 

hydrogen bonding. Terarylenes with methyl groups at the 

reactive carbon atoms were also prepared as reference 

compounds. Their photochromic and fluorescent properties are 

compared and quantum chemical calculations based on the 

density functional theory (DFT) have also been performed to 

investigate the effect of molecular structures on their 

photophysical properties.23 

Experimental  

General 

1H NMR (300 MHz) and 13C NMR (75 MHz) spectra were 

recorded on a JEOL JNM-AL300 instrument. Normal- and 

reverse-phase HPLC were performed with a LaChrom Elite 

(Hitachi). Mass spectra were measured with a JEOL AccuTOF 

JMS-T100LC (ESI) and JML-700 (EI) instrument. UV/Vis 

absorption and fluorescence spectra were obtained with a V660 

spectrophotometer (JASCO) and an FP6500 fluorescence 

spectrophotometer (JASCO), respectively. Fluorescence 

lifetimes and absolute fluorescence quantum yields of 

compounds were measured with a FluoroCube 3000U (Horiba) 

and a Hamamatsu C9920-02, respectively. Quantum yields of 

photo-cyclization (O→C) and cycloreversion (C→O) were 

measured by using a photoreaction quantum yield measurement 

system (Shimadzu, QYM-01) with a corrected power meter, 

which can provide accurate irradiation photon numbers at a given 

wavelength.24 

To investigate the photochemical reactivity of terarylenes, we 

studied on quantum chemical calculations with Gaussian 09 

program package.25 Geometry optimization of compounds at the 

ground states was performed with density functional theory 

(DFT) at the B97XD/6-31G(d,p) level.26 Calculations for the 

excited states were also carried out with time dependent density 

functional theory (TDDFT) by the B97XD/6-31G(d,p) level 

theory. 

Synthesis 

Methyl-substituted terarylenes (BT-ME, PT-ME, BTO-ME and 

PTO-ME) were prepared according to the procedures described in the 

previous literature.16a,c,22 Ethyl-substituted terarylenes were 

synthesized following the procedures. BT-ET were synthesized by 

the cyclization reaction of the corresponding -hydroxyketones with 

thioamides, as reported by Krayushkin and co-workers.27 PT-ET were 

synthesized by conventional Suzuki cross-coupling between 

corresponding thiazole dibromide as the central unit and thiophene 

pinacol borates as the side aryl units. These precursor terarylenes are 

treat with 70% 3-chloro-perbenzoic acid (m-CPBA, containing 30 

wt% water) to afford tetra-oxidized terarylenes BTO-ET and PTO-

ET, respectively. 

 

4,5-bis(2-ethylbenzo[b]thiophen-3-yl)-2-phenylthiazole (BT-

ET). 2-hydroxy-1,2-bis(2-methylbenzo[b]thiophen-3-

yl)ethanone (1.9 g, crude) was added to a solution of 

thiobenzoamide (690 mg, 5.0 mmol) in CF3CO2H (3 mL) at 

room temperature for 24 h. The reaction mixture was poured into 

water and extracted with Et2O. The organic layers were separated, 

washed with brine, dried over MgSO4, and evaporated. Column 

chromatography (silica, hexae/AcOEt 10:1) and the following 

reverse phase HPLC (methanol) afforded 4,5-bis(2,4-diethyl-5-

phenylthiophen-3-yl)-2-phenylthiazole (BT-ET) as a white solid 

(700 mg, 1.5 mmol) in 30% yield in three steps. 1H NMR (300 

MHz, CDCl3):  (ppm) = 8.11-8.06 (m, 2H), 7.83-7.60 (m, 4H), 

7.52-7.46 (m, 4H), 7.36-7.22 (m, 3H), 2.72-2.21 (br m, 4H), and 

0.95-0.52 (br m, 6H). 13C NMR (75 MHz, CDCl3):  (ppm) = 

167.44, 148.72, 148.45, 147.61, 139.78, 138.01, 137.80, 133.55, 

130.22, 128.98, 127.90, 126.48, 125.80, 124.52, 124.35, 124.20, 

124.06, 123.70, 122.82, 122.13, 122.01, 121.84, 121.53,  22.82, 

22.69, 14.97. EI HRMS: m/z calcd for C29H24NS3
+ [M]+: 482.11; 

found 482.11. 

 

4,5-bis(2-ethylbenzo[b]thiophene-S,S-dioxide-3-yl)-2-

phenylthiazole (BTO-ET). BT-ET (72 mg, 0.15 mmol) and m-

CPBA (520 mg, 3.0 mmol) were dissolved in CH2Cl2 (25 mL). 

The mixture was stirred at room temperature for 24 h in the dark. 

The reaction mixture was poured into water and extracted with 

CH2Cl2. The organic layers were separated, washed with brine, 

dried over MgSO4, and evaporated. The residue was purified by 

short-path column chromatography (silica, chloroform), and 

reverse-phase HPLC (methanol). The following GPC 

(chloroform) afforded 4,5-bis(2,4-ethylbenzo[b]thiophene-S,S-

dioxide-3-yl)-2-phenylthiazole (BTO-ET) as a white solid (70 

mg, 0.13 mmol, 86% yields). 1H NMR (300 MHz, CDCl3):  

(ppm) = 8.06-8.02 (m, 2H), 7.77-7.73 (m, 2H), 7.56-7.46 (m, 8H), 

7.37-7.34 (m, 1H), 2.63-2.51 (m, 4H), 1.25-1.16 (m, 6H). 13C 

NMR (75 MHz, CDCl3):  (ppm) = 170.42, 146.03, 144.86, 

144.18, 136.00, 135.76, 133.42, 132.13, 131.62, 131.56, 131.42, 

130.50, 130.30, 129.75, 129.37, 127.57, 126.78, 125.30, 123.61, 

122.67, 121.82, 121.46, 18.34, 11.65, 11.55. EI HRMS: m/z 

calcd for C29H23NNaO4S3 [M+Na]+: 568.07; found 568.07. 

 

4,5-bis(2-ethyl-4-methyl-5-phenylthiophen-3-yl)-2-

phenylthiazole (PT-ET). A mixture of (2-ethyl-4-methyl-5-

phenylthiophen-3-yl) boronic acid pinacol ester (2.2 g, 6.7 

mmol), 4,5-dibromo-2-phenylthiazole (870 mg, 2.7 mmol) and 

triphenylphosphine (370 mg, 1.4 mmol), 1,4-dioxane (87 ml) and 

2 M K3PO4 (87 ml) was treated with N2 bubbling for 60 min. 

Pd(PPh3)4 (320 mg, 0.27 mmol) was added the mixture and was 

refluxed at 120 °C for 3 days. The resulting solution was poured 

into water, neutralized with HCl aq., extracted with AcOEt, 
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washed with brine, dried over MgSO4, and evaporated. The 

residue was purified by column chromatography (silica, 

hexane/AcOEt 19:1), and the following GPC (chloroform) 

afforded 4,5-bis(2-ethyl-4-methyl-5-phenylthiophen-3-yl)-2-

phenylthiazole (PT-ET) as a yellow solid (700 mg, 45% yields). 

1H NMR (300 MHz, CDCl3):  (ppm) = 8.06-8.04 (m, 2H), 7.50-

7.39 (m, 10H), 7.37-7.53 (m, 1H), 7.34-7.26 (m, 2H), 2.82-2.38 

(m, 4H), 2.17 (s, 6H), 1.34-0.79 (br m, 6H). 13C NMR (75 MHz, 

CDCl3):  (ppm) = 166.33, 149.65, 145.61, 145.02, 135.25, 

134.96, 134.79, 133.62, 132.79, 132.56, 130.02, 129.17, 129.08, 

128.91, 128.45, 128.37, 127.19, 126.89, 126.34, 22.37, 15.58, 

14.61. EI HRMS: m/z calcd for C35H31NS3
 [M]+: 561.16; found 

561.16. 

 

4,5-bis(2-ethyl-4-methyl-5-phenylthiophene-S,S-dioxide-3-

yl)-2-phenylthiazole (PTO-ET). PT-ET (56 mg, 0.10 mmol) 

and m-CPBA (180 mg, 1.0 mmol) were dissolved in CH2Cl2 (20 

mL). The mixture was stirred at room temperature for 27 h in the 

dark. The reaction mixture was poured into water and extracted 

with CH2Cl2. The organic layers were separated, washed with 

brine, dried over MgSO4, and evaporated. The residue was 

purified by short-path colum chromatography (silica, 

chloroform), and the following normal-phase HPLC (hexane / 

AcOEt = 4 : 1) afforded 4,5-bis(2-ethyl-4-methyl-5-

phenylthiophene-S,S-dioxide-3-yl)-2-phenylthiazole (PTO-ET) 

as a white solid (24 mg, 38% yields). 1H NMR (300 MHz, 

CDCl3):  (ppm) = 8.02-7.99 (m, 2H), 7.65-7.57 (m, 4H), 7.54-

7.42 (m, 9H), 2.67-2.48 (m, 4H), 2.12 (s, 3H), 1.99 (s, 3H), 1.42-

1.37 (m, 3H), 1.33-1.28 (m, 3H). 13C NMR (75 MHz, CDCl3):  

(ppm) = 169.52, 146.42, 143.56, 136.93, 136.25, 135.01, 133.73, 

132.10, 131.50, 131.09, 129.94, 129.70, 129.35, 129.20, 129.10, 

129.00, 128.28, 127.11, 126.75, 126.66, 126.07, 18.89, 18.75, 

14.37, 14.00, 11.56. EI HRMS: m/z calcd for C35H31NNa O4S3
 

[M+Na]+: 648.13; found 648.13. 

Result and discussion 

Photochromism in solution 

As shown in Fig. 1a, the precursor terarylene BT-ET showed no 

absorption band in the visible range in solution. Upon irradiation 

with UV light (ex = 313 nm), the colorless solution of BT-ET 

turned blue, and a new absorption band appeared at around 560  

nm. The colored solution completely bleached upon irradiation 

with visible light, giving an absorption spectrum identical to that 

of the initial colorless solution. An isobestic point was observed 

at 289 nm, which supported the two-component photochromic 

reaction as depicted in Scheme 1. Similar reversible 

photochromic behaviour was also observed for PT-ET (Fig. 1c). 

The values of max and extinction coefficient  are summarized 

in Table 1 with the photochromic reaction quantum yields.  

Colorless solutions of tetra-oxidized terarylenes BTO-ET and 

PTO-ET were also showed coloration behaviour upon irradiation 

with UV light, and turned to orange (Fig. 1b, d). BTO-ET slowly 

returned to the initial colorless solution upon irradiation with visible 

light, whereas PTO-ET showed negligible photo-breaching reaction 

even after irradiation with visible light for several hours. 

Fig. 1 Absorption spectra of (a) BT-ET, (b) BTO-ET, (c) PT-ET and (d) PTO-ET in CH2Cl2: 

open-ring form (black dotted lines) and closed-ring form (colored solid lines). 

Table 1 Optical properties of ethyl-substituted teraryrlenes in CH2Cl2 

Compd. max / nm 

( / 104M-1cm-1) 

O→C C→O 

BT-ET Open-ring form 273 (2.28) 0.39 - 

Closed-ring form 566 (0.67) - 0.24 

BTO-ET Open-ring form 300 (1.54) 0.40 - 

Closed-ring form 474 (1.55),  

504 (1.48) 

- 0.033 

PT-ET Open-ring form 281 (3.24) 0.16 - 

Closed-ring form 639 (2.07) - 0.12 

PTO-ET Open-ring form 306 (2.52) 0.20 - 

Closed-ring form 509 (1.96) - <  10-6 

 

Cycloreversion reaction quantum yields of BTO-ET and PTO-ET 

were measured to be 0.033 and < 10-6, respectively, indicating that the 

closed-ring isomers of tetra-oxidized terarylenes BTO-ET and PTO-

ET are much less reactive than the corresponding closed-ring isomers 

of precursor terarylenes in a similar manner to those of the methyl-

substituted counterparts.13,22 

The ethyl-substituted terarylenes showed lower cyclization 

quantum yields compared with the corresponding methyl-substituted 

terarylenes (O→C = 0.58; BT-ME in hexane16d, 0.46; BTO-ME in 2-

Me THF22, 0.60; PT-ME in hexane16a and 0.23; PTO-ME in 2-Me 

THF22). The decrease could be attributed partly to the larger steric 

hindrance of ethyl groups than methyl groups in the cyclization 

reaction. Meanwhile, alkyl groups at the reactive carbons had minor 

effects on the cycloreversion quantum yields (C→O = 0.45; BT-ME 

in hexane16d, 0.024; BTO-ME in 2-Me THF22, 0.07; PT-ME in 

hexane16a and 3×10-4; PTO-ME in 2-Me THF22). The side-aryl units 

predominantly determined the cycloreversion reactivity. 

Computational studies and photochemical reactivity 

To gain the insight into the photochemical reaction mechanisms, 

we have performed the potential energy surface (PES) scan along 

the reaction coordinate with varied bond length between the 

reactive carbon atoms. The geometries of compounds at the 
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Fig. 2 Potential energy surfaces as a function of the C-C bond length of the S0 (blue 

open square) and S1 (red filled squares) state of (a) BT-ET and (b) PT-ET obtained 

at an B97XD/6-31G(d,p) level. The insets are enlarged view for cycloreversion 

reaction. 

Fig. 3 Potential energy surfaces of the S0 (blue open square) and S1 (red filled squares) 

state (a, b) and CH/OS distance (c, d) as a function of C-C bond length for BTO-ET (a, c) 

and PTO-ET (b,d) obtained at an B97XD/6-31G(d,p) level. The insets are enlarged 

views for cycloreversion reaction 

ground states were optimized for every step of the surface scans 

and only the reaction coordinate (the C-C bond length) was kept 

frozen. For the scans on the excited state, we performed single-

point energy calculations for the excited states of corresponding 

geometries optimized at the ground state. 

The results of the PES scans for the ground state (S0) and for 

the first excited state (S1) are summarized in Fig. 2 and 3. For 

BT- ET and PT-ET, there is no barrier on the S1 surface for the 

reaction coordinates toward both the photo-cyclization and 

cycloreversion reactions (Fig. 2). These simple downhill profiles 

of the S1 surface supported the experimental results that BT-ET 

and PT-ET showed reversible photochromic reactions with 

relatively high quantum yields (Table 1). On the other hand, for 

BTO-ET and PTO-ET, the potential energy surfaces of the S1 

states from closed- to open-ring cycloreversion shows an uphill 

profile (Fig. 3a, b). Therefore, the bond-cleavage for the 

Fig. 4 Optimized structures for BTO-ET; (a) open- and (b) closed-ring form obtained at 

an B97XD/6-31G(d,p) level. 

cycloreversion reaction needs further activation energy in the 

excited state, which might be attributed to the multiple CH/OS 

intramolecular weak hydrogen bonding interactions between the 

ethyl groups and SO2 units in their closed-ring forms. Fig. 3c, d 

showed increases of (S)O-(C)H distances between SO2 moieties 

and ethylene units in the ethyl groups along with cycloreversion 

reaction with increasing the photoreactive C-C distance. The C-

C bond length of 1.9 Å could correspond to the point at which 

this bond cleavage. Across this point, the S(O)-(C)H distances 

jump from 2.5 to more than 2.7 Å, corresponding to the sum of 

van der Waals radii of O and H (2.72 Å). Optimized geometries 

of open- and closed-ring forms for BTO-ET are also shown in 

Fig. 4. In the closed-ring form all protons of the ethyl groups are 

possible to interact with SO2 groups in the range smaller than 

2.72 Å, while these distances thoroughly increase in the open-

ring form (Fig. 4a). Therefore, the cycloreversion reaction 

requires the cleavage of multiple CH/OS interactions at the 

moment of C-C bond cleavage. These results of calculations 

could partly explain the dramatically suppressed values of C→O 

for tetra-oxidized terarylenes. 

The open-ring form  is more stable than the closed-ring form 

for BT-ET and PT-ET at the ground state by 14 kcal mol-1 and 

20 kcal mol-1, respectively, suggesting the higher aromatic 

stabilization energy of open-ring form structure of BT-ET and 

PT-ET. However, in the case of BTO-ET and PTO-ET, the side 

aryl groups were oxidized to sulfones, which may lower the 

effect of aromatic stabilization in the open form and reverse the 

relative energy between the open- and closed-ring forms. As the 

result, the closed-ring forms with the expanded -conjugation 

system are more stable than the open-ring forms by 6.9 kcal mol-

1 (BTO-ET) and 12 kcal mol-1 (PTO-ET). 

Fluorescent property of tetra-oxidized terayrlenes in closed-ring 

form isomer 

Upon irradiation with UV light, the open-ring isomer of BTO-

ET turned to the closed-ring isomer, which emits clear yellow 

fluorescence. Similar intense emission was also observed in the  
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Fig. 5 Fluorescence spectra of (a) BTO-ET and (b) PTO-ET in CH2Cl2. 

Table 2 Fluorescence properties of the closed-ring isomer of tetra-oxidized terarylenes 

in CH2Cl2 

Compd.a em em / ns kf/ 109 s-1 knr/ 109 s-1 

BTO-ET 0.44 5.4 6.1 × 10-2 0.12 

BTO-ME 0.29 3.4 7.8 × 10-2 0.21 

PTO-ET 0.41 5.6 7.3 × 10-2 0.11 

PTO-ME 0.32 4.1 7.8 × 10-2 0.17 

a Closed-ring forms 

Fig. 6 Optimized structures for the closed-ring form of BTO-ME obtained at an 
B97XD/6-31G(d,p) level. 

closed-ring isomer of PTO-ET. Fluorescence spectra of closed- 

ring isomers of BTO-ET and PTO-ET in CH2Cl2 are shown in 

Fig. 5a and b, respectively. As shown in Table 2, the ethyl-

substituted terarylenes BTO-ET and PTO-ET showed higher 

fluorescence quantum yields (em) than the corresponding 

methyl-substituted terarylenes in all solvents (see the ESI †, 

Table S1). 

To gain further insight into the fluorescence properties, the 

fluorescence lifetimes (em) were measured in CH2Cl2. The 

fluorescence (kf) and non-radiative decay rate constants were also 

derived from the values of em and em which was well-characterised 

single component decay profile (Table 2). There are little changes in 

the values of kf for terarylenes irrespective of the substituents on the 

reactive carbon atoms. By contrast, knr values for BTO-ET and PTO-

ET are obviously smaller than those for BTO-ME and PTO-ME, 

respectively (Table 2). This decrease in knr for ethyl-substituted 

terarylenes suggests that the ethyl substituents suppress non-radiative 

decay processes more effectively than methyl substituents. The 

optimized geometries of the closed-ring isomer for BTO-ET (Fig. 4b) 

were compared with that of BTO-ME (Fig. 6). As already discussed 

in the previous section, all the protons in the ethyl groups could be in 

the range wherein the CH/OS interactions operate for the closed-ring 

isomer of BTO-ET (Fig. 4b). Although the methyl groups are also 

possible to interact with SO2 moieties in the closed-ring form of BTO-

ME (Fig. 6), the number of CH/OS interactions is apparently larger 

for BTO-ET. One may consider that the extension of alkyl chain 

length increases the probability of molecular motions, which 

adversely affects the emission property. However, the reversal results 

strongly supports the impact of CH/OS interactions on the emission 

property of the ethyl-substituted terarylenes to make the molecular 

geometry rigid and decrease the non-radiative decay constants. 

Conclusions 

In summary, photochromic terarylenes having ethyl groups at the 

reactive carbon atoms were synthesized and their photophysical 

properties were studied. The closed-ring isomers of tetra-oxidized 

terarylenes showed strong emission and the much suppressed 

reactivity in cycloreversion reaction. The quantum chemical 

calculations well reproduced the small reactivity of cycloreversion 

reaction, which might be attributed to the stronger CH/OS 

intramolecular interactions in the closed-ring forms partly. The ethyl 

substituents were also considered to be responsible for the improved 

fluorescence quantum yields in the closed-ring forms by the multiple 

CH/OS intramolecular hydrogen bonding interactions to reduce the 

non-radiative decay constants. The present study would provide a 

promising approach for the design of high-contrast fluorescence 

switching materials which might be used for various optoelectronics 

devices.  
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