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A B S T R A C T   

Perylenediimides (PDIs) are the focus of a huge number of research lines for their awesome properties which can be modulated over a wide range by chemical 
modification of their structure. However, industrial applications require reduced costs in materials preparation and transformation. In this contribution we explore 
the ability of sulfur-substituted PDIs to vary their electronic character from strong electron-donating to strong electron-accepting in just one reaction.   

1. Introduction 

Perylenediimides (PDIs) are functional materials involved in the 
field of organic electronics which have been extensively studied due to 
their high electron affinities and charge carrier mobilities [1]. Thus, 
among high performance n-type materials, the PDIs hold the distinction 
of having one of the highest n-type mobilities known [2]. Furthermore, 
they are also well-known for their intense red or orange colors, their 
fluorescence quantum yields close to the unity and their thermal, 
chemical, and photochemical stabilities [3]. In addition to the 
outstanding electrical properties, PDI-based materials have demon
strated great promise due to their ability to yield air-stable semi
conducting films from solution [4]. As a result of all of this, they have 
been very attractive for the development of n-type semiconducting 
materials [5], artificial photosynthetic systems [6], solar cells [7], bio
labels [8], lasers [9] or sensors [10]. 

On the other hand, chemical functionalization of PDIs via core sub
stitution results in the possibility to modify the properties of PDIs in an 
extraordinary wide range. Thus, it is possible to vary their color from the 
typical red (e.g. core-unsubstituted PDI, λmax = 525 nm) to deep blue 
(1,6,7-tripiperidin-N′-ylPDI, λmax = 706 nm) passing through the com
plete rainbow [11]. It is also possible to turn the well-known strong 
electron-accepting character of PDIs (1,7-dicianoPDI, Ered = − 0.07 V vs. 
Fc/Fc+) [12] into a strong electron-donor one (1,6,7-tripiper
idin-N′-ylPDI, Eox = 0.06 V vs. Fc/Fc+) [11]. In particular, it is feasible to 
lower the energy of the lowest unoccupied molecular orbital (LUMO), in 
order to obtain compounds with an enhanced stability and accessible for 

the efficient injection of charge carriers [4,13]. Thus, LUMO values as 
low as − 4.75 eV for 1,6,7,12-tetraphenylsulfonylPDI have been 
described [14]. 

However, this modulation capacity of the properties requires the 
preparation of molecules with quite different substituents which could 
be a drawback for the industrial application as it will require diverse 
synthetic pathways. Thus, it would be desirable to have substituents 
delivering very different properties to the PDI but with a synthetic 
pathway as close as possible. In this sense, the purpose of this work is to 
demonstrate the possibility to modulate the electron donor/accepting 
character of the PDIs by controlling the oxidation state of the sulfur 
atoms in S-substituted PDIs. To this end, we have compared the optical 
and electrochemical behavior of alkylsulfide-, alkylsulfinyl- and alkyl
sulfonylPDIs for all the usual PDI substitution patterns, namely 1-mono
substituted, 1,6-disubstituted, 1,7-disubstituted, 1,6,7,12- 
tetrasubstituted (bay-tetrasubstituted) and 2,5,8,11-tetrasubstituted 
(ortho-tetrasubstituted). It must be mentioned here that there are a 
few similar studies, although more limited in scope. Thus, the properties 
of a tetra(alkylthio)terrylenediimide and its corresponding tetrasulfonyl 
derivative have been described [15]. Analogously, there is a commu
nication comparing two alkylthio bay-tetrasubstituted PDIs with the 
sulfones derived from them [14]. 
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2. Experimental 

2.1. Chemicals, instruments and theoretical calculations 

Solvents and reagents were obtained from commercial sources and 
used as received. Column chromatography: SiO2 (40–63 μm). TLC plates 
coated with SiO2 60F254 were visualized by UV light. NMR spectra were 
recorded at 25 ◦C using a Bruker AC300 spectrometer. The solvents for 
spectroscopic studies were of spectroscopic grade and used as received. 
UV vis spectra were measured with a Helios Gamma spectrophotometer. 
Fluorescence emission spectra were recorded on a PerkinElmer LS55 
spectrofluorometer and fluorescence quantum yields were calculated 
using PDI 1 as the standard (Φf = 1)1a and following the procedure 
described elsewhere [16]. IR spectra were recorded with a Nicolet 
Impact 400D spectrophotometer. High resolution Mass spectra were 
obtained from a Bruker Reflex II matrix-assisted laser desorption/ioni
zation time of flight (MALDI-TOF) using dithranol as matrix. Cyclic and 
differential pulse voltammetry measurements were performed at 298 K 
in a conventional three-electrode cell using a m-AUTOLAB type III 
potentiostat/galvanostat. Sample solutions were prepared in dichloro
methane, containing 0.10 M tetrabutylammonium hexafluorophosphate 
(TBAPF6) as supporting electrolyte. A glassy carbon (GC) working 
electrode, an Ag/AgNO3 reference electrode, and a platinum wire 
counter electrode were used. Ferrocene/ferrocenium was the internal 
standard for all measurements. 

Density functional theory (DFT) calculations were performed by 
using Gaussian 16, Revision C.01 [17]. Minimum-energy geometry was 
obtained using the hybrid Becke3–Lee–Yang–Parr (B3LYP) [18] func
tional and the Pople’s double-zeta 6-31G* basis set [19]. Frequency 
calculations were performed to confirm the minimum nature of the 
structure. Molecular orbitals were represented using Avogadro: an 
open-source molecular builder and visualization tool. Version 1.2.0 
[20]. Calculations on the excited states were performed with the hybrid 
meta GGA functional M06-2X [21]. 

2.2. Preparation of perylenediimide derivatives 1–10 

PDIs 1 [1a], 4 [22], 6 [23], 8 [24] and 9 [25] were synthesized 
following the procedures described elsewhere. 

2.2.1. N,N′-di(hexylheptyl)-1-butylthioperylene-3,4:9,10- 
tetracarboxydiimide (2) 

A mixture of 36 mg (0.4 mmol) of butanethiol, 14 mg (0.24 mmol) of 
KF and 126 mg (0.48 mmol) of 18-crown-6 was added to a solution of 75 
mg (0.1 mmol) of N,N′-di(hexylheptyl)perylene-3,4:9,10-tetracarbox
ydiimide in dry THF (0.3 mL). The reaction was refluxed 24 h under 
argon atmosphere and, after cooling, it was extracted with dichloro
methane and washed with water. The organic layer was dried over 
anhydrous sodium sulfate, filtered and evaporated. Purification was 
carried out by silica gel column chromatography using toluene as eluent 
yielding 40 mg of 2 as a violet powder. 

Yield: 47 %. 1H NMR (CDCl3) δ 0.83 (t, 12H), 0.94 (t, 3H), 1.25 (br, 
32H), 1.49 (m, 2H), 1.70 (m, 2H), 1.87 (m, 4H), 2.27 (m, 4H), 3.27 (t, 
2H), 5.20 (m, 2H), 8.64 (d, 3H), 8.74 (br, 3H), 8.97 (d, 1H). 13C NMR 
(CDCl3) δ 164.71, 163.54, 139.83, 139.24, 134.22, 133.98, 133.37, 
132.72, 131.20, 130.44, 129.19, 128.92, 127.79, 127.07, 126.50, 
123.49, 122.36, 114.04, 54.66, 35.87, 33.80, 32.38, 31.90, 31.75, 
31.74, 31.41, 30.45, 29.67, 29.63, 29.34, 29.21, 29.19, 29.13, 28.93, 
26.91, 22.57, 22.56, 22.03, 14.01, 13.59. MS MALDI-TOF m/z: [M+] 
calcd. for C54H70N2O4S: 842.5050, found: 842.5104. IR (KBr): 2961, 
2926, 2851, 1707, 1654, 1579, 1386, 1323, 1240, 803, 756 cm− 1. 
UV–vis (CH2Cl2), λmax/nm (log ε): 444 (4.2), 542 (4.57). 

2.2.2. N,N′-di(hexylheptyl)-1,6-di(butylthio)perylene-3,4:9,10- 
tetracarboxydiimide (3) 

A mixture of 126 mg (1.4 mmol) of butanethiol, 21 mg (0.36 mmol) 

of KF and 190 mg (0.72 mmol) of 18-crown-6 was added to a solution of 
75 mg (0.1 mmol) of N,N′-di(hexylheptyl)perylene-3,4:9,10-tetra
carboxydiimide in dry THF (2 mL). The reaction was refluxed 24 h under 
argon atmosphere and, after cooling, it was extracted with dichloro
methane and washed with water. The organic layer was dried over 
anhydrous sodium sulfate, filtered and evaporated. Purification was 
carried out by silica gel column chromatography using toluene as eluent 
yielding 40 mg of 3 as a violet powder. 

Yield: 43 % (pure 1,6-isomer). 1H NMR (CDCl3) δ 0.83 (t, 12H), 0.92 
(t, 6H), 1.25 (br, 32H), 1.46 (m, 4H), 1.68 (m, 4H), 1.87 (m, 4H), 2.28 
(m, 4H), 3.23 (t, 4H), 5.20 (m, 2H), 8.67 (br, 2H), 8.76 (br, 2H), 8.86 (d, 
2H). 13C NMR (CDCl3) δ 164.62, 163.57, 138.54, 132.65, 132.37, 
131.32, 130.57, 129.40, 128.90, 128.47, 128.04, 127.87, 125.63, 
114.04, 54.79, 35.62, 32.42, 31.75, 31.74, 30.48, 29.67, 29.21, 26.91, 
22.58, 22.57, 22.01, 14.02, 13.58. MS MALDI-TOF m/z: [M+] calcd. for 
C58H78N2O4S2: 930.5397, found 930.5072. IR (KBr): 2956, 2921, 2851, 
1707, 1654, 1584, 1468, 1404, 1345, 803, 738 cm− 1. UV–vis (CH2Cl2), 
λmax/nm (log ε): 428 (4.2), 565 (4.5). 

2.2.3. N,N′-di(hexylheptyl)-1,7-di(butylthio)perylene-3,4:9,10- 
tetracarboxydiimide (5) 

A mixture of 36 mg (0.4 mmol) of butanethiol, 29 mg (0.5 mmol) of 
KF and 266 mg (1 mmol) of 18-crown-6 was added to a solution of 100 
mg (0.1 mmol) of N,N′-di(hexylheptyl)-1,7(6)-dibromoperylene- 
3,4:9,10-tetracarboxydiimide in dry THF (2 mL). The reaction was 
refluxed 24 h under argon atmosphere and, after cooling, it was 
extracted with dichloromethane and washed with water. The organic 
layer was dried over anhydrous sodium sulfate, filtered and evaporated. 
Purification was carried out by silica gel column chromatography using 
dichloromethane:hexane 1:1 as eluent yielding 64 mg of 5 as a violet 
powder. 

Yield: 70 % (pure 1,7-isomer). 1H NMR (CDCl3) δ 0.83 (t, 12H), 0.91 
(t, 6H), 1.23 (br, 32H), 1.48 (m, 4H), 1.68 (m, 4H), 1.86 (m, 4H), 2.26 
(m, 4H), 3.22 (t, 4H), 5.20 (m, 2H), 8.65–8.84 (br, 6H). 13C NMR 
(CDCl3) δ 164.59, 163.63, 139.88, 133.16, 132.63, 132.31, 131.32, 
130.54, 129.35, 128.94, 128.87, 128.63, 128.44, 128.27, 128.02, 
127.85, 125.60, 122.62, 122.13, 121.87, 121.44, 54.89, 54.73, 54.61, 
35.77, 35.60, 32.40, 31.74, 30.88, 30.46, 29.20, 26.90, 22.55, 22.03, 
21.99, 14.01, 13.57, 13.56. MS MALDI-TOF m/z: [M+] calcd. for 
C58H78N2O4S2: 930.5397, found: 930.5065. IR (KBr): 2961, 2921, 2851, 
1701, 1649, 1590, 1462, 1404, 1316, 1234, 1094, 808 cm− 1. UV–vis 
(CH2Cl2), λmax/nm (log ε): 428 (4.1), 565 (4.5). 

2.2.4. N,N′-di(hexylheptyl)-1,6,7,12-tetra(butylthio)perylene-3,4:9,10- 
tetracarboxydiimide (7) 

A mixture of 108 mg (1.2 mmol) of butanethiol, 76 mg (1.2 mmol) of 
KF and 640 mg (2.4 mmol) of 18-crown-6 was added to a solution of 106 
mg (0.12 mmol) of N,N′-di(hexylheptyl)-1,6,7,12-tetrachloroperylene- 
3,4:9,10-tetracarboxydiimide in dry THF (2 mL). The reaction was 
refluxed 12 h under argon atmosphere and, after cooling, it was 
extracted with dichloromethane and washed with water. The organic 
layer was dried over anhydrous sodium sulfate, filtered and evaporated. 
Purification was carried out by silica gel column chromatography using 
dichloromethane:hexane 1:1 as eluent yielding 132 mg of 7 as a violet 
powder. 

Yield: 99 %. 1H NMR (CDCl3) δ 0.75 (t, 12H), 0.84 (t, 12H), 1.25 (br, 
32H), 1.46 (m, 8H), 1.87 (m, 4H), 2.25 (m, 4H), 2.96 (m, 8H), 5.20 (m, 
2H), 8.67 (d, 4H). 13C NMR (CDCl3) δ 164.83, 163.73, 139.42, 131.86, 
131.02, 129.28, 122.88, 121.75, 121.04, 54.80, 36.31, 32.51, 32.47, 
31.76, 30.79, 29.69, 29.25, 29.24, 26.98, 26.95, 22.59, 21.93, 14.03, 
13.50. MS MALDI-TOF m/z: [M+] calcd. for C66H94N2O4S4: 1106.6096, 
found: 1106.6728. IR (KBr): 2961, 2944, 2856, 1695, 1654, 1579, 1380, 
1275, 1240, 820, 744 cm− 1. UV–vis (CH2Cl2), λmax/nm (log ε): 565 (4.4). 
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2.2.5. N,N′-di(hexylheptyl)-2,5,8,11-tetra(butylthio)perylene-3,4:9,10- 
tetracarboxydiimide (10) 

A mixture of 54 mg (0.6 mmol) of butanethiol, 38 mg (0.6 mmol) of 
KF and 316 mg (1.2 mmol) of 18-crown-6 was added to a solution of 70 
mg (0.06 mmol) of N,N′-di(hexylheptyl)-2,5,8,11-tetrabromoperylene- 
3,4:9,10-tetracarboxydiimide in dry THF (2 mL). The reaction was 
refluxed 24 h under argon atmosphere and, after cooling, it was 
extracted with dichloromethane and washed with water. The organic 
layer was dried over anhydrous sodium sulfate, filtered and evaporated. 
Purification was carried out by silica gel column chromatography using 
dichloromethane:hexane 1:1 as eluent yielding 50 mg of 10 as an orange 
powder. 

Yield: 76 %. 1H NMR (CDCl3) δ 0.83 (t, 12H), 1.05 (t, 12H), 1.26 (br, 
32H), 1.66 (m, 8H), 1.91 (m, 12H), 2.24 (m, 4H), 3.20 (t, 8H), 5.23 (m, 
2H), 8.38 (s, 4H). 13C NMR (CDCl3) δ 163.83, 163.29, 150.52, 131.80, 
120.03, 117.83, 116.36, 54.83, 32.28, 32.10, 31.65, 29.79, 29.56, 
29.13, 27.04, 22.53, 22.47, 13.94, 13.74. MS MALDI-TOF m/z: [M+] 
calcd. for C66H94N2O4S4: 1106.6096, found: 1106.6970. IR (KBr): 2921, 
2851, 1684, 1637, 1590, 1561, 1520, 1462, 1351, 1246 cm− 1. UV–vis 
(CH2Cl2), λmax/nm (log ε): 380 (3.9), 400 (4.0), 488 (4.7), 543 (4.7). 

2.3. Sulfur oxidation of PDI derivatives 

2.3.1. Synthesis of N,N′-di(hexylheptyl)-1-butylsulfinylperylene-3,4:9,10- 
tetracarboxydiimide (11) 

M-chloroperbenzoic acid (0.2 mmol) was added to a solution of 2 
(0.02 mmol) in dichloromethane (1 mL). The mixture was stirred at 
− 78 ◦C for 5 h and washed with water. The organic layer was dried over 
anhydrous sodium sulfate, filtered and evaporated. Purification was 
carried out by silica gel column chromatography using dichloro
methane:acetone (8:0.2) as eluent. 

Yield: 75 %. 1H NMR (CDCl3) δ 0.83 (t, 12H), 0.97 (t, 3H), 1.23 (br, 
32H), 1.46 (m, 2H), 1.87 (m, 4H), 2.04 (m, 2H), 2.26 (m, 4H), 2.94 (m, 
1H), 3.08 (m, 1H), 5.19 (m, 2H), 8.27 (d, 1H), 8.72 (br, 5H), 9.52 (s, 
1H). 13C NMR (CDCl3) δ 164.26, 163.42, 146.66, 134.74, 133.84, 
133.40, 130.39, 129.88, 129.25, 127.62, 126.93, 123.92, 123.57, 55.27, 
54.94, 32.33, 31.91, 31.73, 29.68, 29.35, 29.18, 26.89, 25.46, 22.56, 
21.79, 14.02, 13.69. MS MALDI-TOF m/z: [M+] calcd. for C54H70N2O5S: 
858.4999, found: 858.4926. IR (KBr): 2932, 2851, 1707, 1660, 1590, 
1380, 1334, 1240, 803 cm− 1. UV–vis (CH2Cl2), λmax/nm (log ε): 502 
(4.6), 524 (4.7). 

2.3.2. Synthesis of sulfoxides 12 and 13 
M-chloroperbenzoic acid (0.3 mmol) was added to a solution of the 

PDI (0.02 mmol) in dichloromethane (1 mL). The mixture was stirred at 
− 78 ◦C for 5 h and washed with water. The organic layer was dried over 
anhydrous sodium sulfate, filtered and evaporated. Purification was 
carried out by silica gel column chromatography using dichloro
methane:acetone (8:0.2) as eluent. 

2.3.2.1. N,N′-di(hexylheptyl)-1,6-di(butylsulfinyl)perylene-3,4:9,10-tetra
carboxydiimide (12). Yield: 82 % from 3. 1H NMR (CDCl3) δ 0.82 (m, 
12H), 0.92 (m, 6H), 1.22 (br, 32H), 1.56 (m, 4H), 1.86 (m, 4H), 1.99 (m, 
4H), 2.26 (m, 4H), 2.88 (m, 1H), 3.07 (m, 3H), 5.19 (m, 2H), 8.19 (m, 
1H), 8.46 (d, 1H), 8.77 (br, 2H), 9.53 (s, 2H). 13C NMR (CDCl3) δ 163.94, 
163.44, 162.80, 162.36, 146.92, 146.83, 146.56, 133.06, 132.72, 
132.54, 132.42, 131.59, 130.75, 130.37, 129.31, 129.13, 128.43, 
128.33, 128.02, 127.63, 124.63, 123.88, 55.64, 55.49, 55.13, 32.27, 
31.68, 29.62, 29.12, 26.83, 25.34, 22.51, 21.76, 21.68, 13.97, 13.61. 
MS MALDI-TOF m/z: [M+] calcd. for C58H78N2O6S2: 962.5295, found: 
962.5465. IR (KBr): 2956, 2932, 2856, 1695, 1654, 1590, 1474, 1398, 
1334, 1246, 1124, 814 cm− 1. UV–vis (CH2Cl2), λmax/nm (log ε): 509 
(4.4). 

2.3.2.2. N,N′-di(hexylheptyl)-1,7-di(butylsulfinyl)perylene-3,4:9,10-tetra
carboxydiimide (13). Yield: 98 % from 5. 1H NMR (CDCl3) δ 0.81 (t, 
12H), 0.91 (m, 6H), 1.21 (br, 32H), 1.59 (m, 4H), 1.83 (m, 4H), 1.99 (m, 
4H), 2.25 (m, 4H), 2.88 (m, 1H), 3.05 (m, 3H), 5.18 (m, 2H), 8.19 (m, 
1H), 8.46 (d, 1H), 8.76 (br, 2H), 9.52 (s, 2H). 13C NMR (CDCl3) δ 163.83, 
163.36, 162.77, 162.24, 146.85, 146.75, 146.48, 133.11, 132.98, 
132.64, 132.45, 132.33, 131.79, 131.76, 131.39, 130.66, 130.29, 
129.73, 129.22, 129.05, 128.37, 128.35, 128.25, 127.94, 127.55, 
126.99, 124.35, 123.74, 55.55, 55.41, 55.04, 32.18, 32.13, 31.60, 
29.03, 26.74, 25.25, 22.42, 21.67, 21.60, 13.89, 13.55, 13.54, 13.53. 
MS MALDI-TOF m/z: [M + H+] calcd. for C58H78N2O6S2: 963.5295 
found: 963.5721. IR (KBr): 2961, 2915, 2856, 1701, 1666, 1579, 1468, 
1380, 1322, 1240 cm− 1. UV–vis (CH2Cl2), λmax/nm (log ε): 526 (4.8). 

2.3.3. Synthesis of sulfones 14-16 
M-chloroperbenzoic acid (0.4 mmol) was added to a solution of the 

PDI (0.02 mmol) in dichloromethane (1 mL). The mixture was stirred at 
room temperature for 6 h and washed with water. The organic layer was 
dried over anhydrous sodium sulfate, filtered and evaporated. Purifi
cation was carried out by silica gel column chromatography using 
dichloromethane:acetone (8:0.2) as eluent. 

2.3.3.1. N,N′-di(hexylheptyl)-1-butylsulfonylperylene-3,4:9,10-tetra
carboxydiimide (14). Yield: 92 % from 2. 1H NMR (CDCl3) δ 0.82 (t, 
16H), 1.22 (br, 34H), 1.65 (m, 2H), 1.87 (m, 4H), 2.26 (m, 4H), 3.37 (t, 
2H), 5.18 (m, 2H), 8.70 (br, 5H), 9.20 (br, 2H). 13C NMR (CDCl3) δ 
164.17, 163.41, 138.62, 136.44, 135.37, 134.93, 133.27, 132.72, 
131.40, 131.09, 130.73, 130.14, 129.76, 128.35, 128.05, 126.30, 
124.06, 123.94, 123.02, 122.42, 55.09, 54.87, 54.52, 32.32, 32.24, 
31.68, 29.14, 29.11, 26.85, 24.31, 22.51, 21.37, 13.97, 13.29. MS 
MALDI-TOF m/z: [M+] calcd. for C54H70N2O6S: 874.4949, found: 
874.4796. IR (KBr): 2956, 2932, 2856, 1695, 1654, 1590, 1474, 1398, 
1334, 1246, 1124, 814 cm− 1. UV–vis (CH2Cl2), λmax/nm (log ε): 494 
(4.6), 528 (4.72). 

2.3.3.2. N,N′-di(hexylheptyl)-1,6-di(butylsulfonyl)perylene-3,4:9,10-tet
racarboxydiimide (15). Yield: 87 % from 3. 1H NMR (CDCl3) δ 0.84 (m, 
18H), 1.24 (br, 36H), 1.63 (m, 4H), 1.87 (m, 4H), 2.21 (m, 4H), 3.48 (t, 
4H), 5.19 (m, 2H), 8.81 (s, 2H), 9.00 (d, 2H), 9.18 (s, 2H). 13C NMR 
(CDCl3) δ 163.54, 162.32, 139.02, 135.78, 134.28, 131.39, 130.20, 
129.48, 128.37, 127.93, 55.10, 31.71, 29.14, 26.86, 22.54, 21.48, 
14.00, 13.38. MS MALDI-TOF m/z: [M+] calcd. for C58H78N2O8S2: 
994.5194, found: 994.5306. IR (KBr): 2950, 2925, 2856, 1704, 1659, 
1589, 1458, 1401, 1328, 1234, 1127, 805 cm− 1. UV–vis (CH2Cl2), λmax/ 
nm (log ε): 492 (4.4), 526 (4.5). 

2.3.3.3. N,N′-di(hexylheptyl)-1,7-di(butylsulfonyl)perylene-3,4:9,10-tet
racarboxydiimide (16). Yield: 92 % from 5. 1H NMR (CDCl3) δ 0.84 (m, 
18H), 1.23 (br, 36H), 1.70 (m, 4H), 1.86 (m, 4H), 2.21 (m, 4H), 3.27 (t, 
1H), 3.48 (t, 3H), 5.18 (m, 2H), 8.81 (br, 2H), 9.02 (d, 2H), 9.27 (m, 2H). 
13C NMR (CDCl3) δ 163.54, 162.41, 139.62, 139.02, 135.78, 134.89, 
134.63, 134.26, 133.61, 131.39, 130.88, 130.16, 129.78, 128.81, 
128.38, 128.21, 127.93, 55.10, 32.30, 31.71, 29.67, 29.14, 26.86, 
24.35, 22.54, 21.48, 14.00, 13.38. MS MALDI-TOF m/z: [M+] calcd. for 
C58H78N2O8S2: 994.5194, found: 994.5424. IR (KBr): 2915, 2839, 1701, 
1660, 1590, 1462, 1398, 1328, 1234, 1124 cm− 1. UV–vis (CH2Cl2), 
λmax/nm (log ε): 490 (4.3), 525 (4.5). 

2.3.4. Synthesis of sulfones 17-19 
M-chloroperbenzoic acid (0.5 mmol) was added to a solution of the 

PDI (0.02 mmol) in dichloromethane (1 mL). The mixture was stirred at 
room temperature for 8 h and washed with water. The organic layer was 
dried over anhydrous sodium sulfate, filtered and evaporated. Purifi
cation was carried out by silica gel column chromatography using 
dichloromethane:acetone (8:0.2) as eluent. 
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2.3.4.1. N,N′-di(hexylheptyl)-1,6,7,12-tetra(butylsulfonyl)perylene- 
3,4:9,10-tetracarboxydiimide (17). Yield: 86 % from 7. 1H NMR (CDCl3) 
δ 0.84 (t, 24H), 1.25 (br, 40H), 1.69 (m, 4H), 1.83 (m, 8H), 1.87 (m, 4H), 
3.07 (m, 4H), 3.55 (m, 4H), 5.18 (m, 2H), 9.08 (s, 1H). 13C NMR (CDCl3) 
δ 162.70, 161.44, 145.72, 130.55, 129.87, 129.18, 127.95, 127.15, 
124.72, 124.03, 56.48, 55.79, 32.42, 32.26, 31.71, 31.68, 29.67, 29.21, 
29.18, 26.95, 26.92, 23.33, 22.59, 21.57, 14.01, 13.48. MS MALDI-TOF 
m/z: [M+] calcd. for C66H94N2O12S4: 1234.684, found: 1234.5524. IR 
(KBr): 2966, 2921, 2852, 1708, 1667, 1589, 1467, 1409, 1377, 1328, 
1262, 1131, 1095, 1028, 809 cm− 1. UV–vis (CH2Cl2), λmax/nm (log ε): 
497 (4.3), 531 (4.4). 

2.3.4.2. N,N′-di(hexylheptyl)-2,5,8,11-tetra(butylsulfonyl)perylene- 
3,4:9,10-tetracarboxydiimide (18). Yield: 90 % from 10. 1H NMR 
(CDCl3) δ 0.84 (t, 12H), 0.99 (t, 12H), 1.25 (br, 32H), 1.55 (m, 8H), 1.82 
(m, 4H), 1.95 (m, 8H), 2.24 (m, 4H), 4.04 (t, 8H), 5.07 (m, 2H), 9.47 (s, 
4H). 13C NMR (CDCl3) δ 161.66, 145.72, 132.77, 129.73, 129.14, 
127.86, 126.49, 56.78, 32.26, 31.66, 29.08, 26.68, 24.46, 22.57, 21.70, 
14.02, 13.55. MS MALDI-TOF m/z: [M+] calcd. for C66H94N2O4S4: 
1234.5684, found: 1234.5016. IR (KBr): 2967, 2938, 2862, 1713, 1666, 
1590, 1555, 1433, 1316, 1129, 715, 575 cm− 1. UV–vis (CH2Cl2), λmax/ 
nm (log ε): 468 (4.2), 499 (4.6), 537 (4.9). 

2.3.4.3. N,N′-di(hexylheptyl)-2,3,10,11-tetrahydroperyleno[6,6a,6b,7- 
efg:12,12a,12b,1-e’f’g’]bis([1,4]dithiocine)1,1,4,4,9,9,12,12-octaoxide- 
6,7:14,15-tetracarboxydiimide (19). Yield: 80 % from 8. 1H NMR 
(CDCl3) δ 0.80 (m, 12H), 1.20 (br, 32H), 1.83 (m, 4H), 2.21 (m, 4H), 
4.00 (d, 4H), 4.22 (d, 4H), 5.16 (m, 2H), 9.28 (s, 4H). 13C NMR (CDCl3) δ 

162.67, 161.39, 143.42, 142.50, 133.65, 133.02, 130.63, 129.49, 
127.94, 125.32, 123.76, 55.99, 50.72, 32.39, 32.23, 31.68, 31.64, 
31.61, 29.16, 26.87, 22.57, 22.56, 14.00, 13.99, 13.97. MS MALDI-TOF 
m/z: [M+] calcd. for C74H110N2O12S4: 1062.3493, found: 1062.3631. IR 
(KBr) 2921, 2860, 1720, 1663, 1593, 1381, 1336, 1283, 1164, 1140, 
1115, 735 cm− 1. UV–vis (CH2Cl2), λmax/nm (log ε): 492 (4.4), 527 (4.6). 

3. Results and discussion 

3.1. Synthesis of perylene dyes 

PDIs 2, 3, 5, 7, 8 and 10 have been synthesized following a fluoride- 
mediated general procedure described previously by us (Scheme 1) [24, 
26]. We selected N,N′-di(hexylheptyl)perylenediimide 1, N,N′-di(hex
ylheptyl)-1,7(6)-dibromoperylenediimide 4, N,N′-di(hexylheptyl)-1,6,7, 
12-tetrachloroperylenediimide 6 and N,N′-di(hexylheptyl)-2,5,8,11-tet
rabromoperylenediimide 9 as starting materials for our study due to 
their high solubility in most organic solvents and being aware that the 
substituents at the imide nitrogen do not alter the electronic structure of 
the PDI [1]. Butanethiol was selected as reagent due to its moderately 
high boiling point. The aliphatic thiol reacts with the appropriated 
halogenated PDIs in the presence of fluoride anions affording PDIs 5, 7 
and 10 with yields ranging from 70 to 99 %. On the other hand, reaction 
with the naked PDI 1 affords mixtures of PDIs 2 and 3, but adjusting the 
reactant ratios in different reactions it was possible to obtain these 
compounds in 47 and 43 % yield, respectively. In this way, it was 
possible to obtain a family of PDIs functionalized following different 
patterns that cover all positions of the aromatic core. 

Scheme 1. Synthesis of PDIs 2, 3, 5, 7, 8, and 10.  
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Then, we faced the synthesis of the sulfinyl and sulfonyl derivatives 
11–19 using m-chloroperbenzoic acid (m-CPBA) as an oxidizing agent 
(Chart 1). The preparation of either sulfinyl or sulfonyl derivatives could 
be controlled by adjusting the amount of m-CPBA and the temperature of 
the reaction. At − 78 ◦C we obtained PDIs 11–13 in 75, 82 and 98 % 
yields, respectively. However, in our hands, the synthesis of the sulf
oxides derived from 7, 8 and 10 was not possible, as we were unable to 
control the monooxidation of the four thioether groups at the same time. 
We obtained complex mixtures instead. 

On the other hand, derivatives 14–19 were obtained with good 
yields, comprised between 80 and 90 %, at room temperature. 

At the end we obtained a large family of PDI derivatives which 
included mono-, di-, and tetrafunctionalized compounds with a broad 
substitution pattern (1; 1,6; 1,7; 1,6,7,12 and 2,5,8,11), thus allowing a 
systematic study of their properties. 

The structure of all the compounds was confirmed by 1H NMR, 13C 
NMR, UV–vis, IR and MALDI-TOF MS (see Figs. S1–S70, ESI). 

3.2. Optical characterization 

All the synthesized compounds show strong optical absorption in the 
visible region of the electromagnetic spectrum, an expected character
istic of PDI materials (Table 1). The sulfides show purple color when in 
solution due to the electron donating character of the sulfur atoms, 
while the sulfoxides and sulfones originate orange solutions typical of 
the PDIs with electron accepting substituents. 

Fig. 1 compares the UV–vis spectra of all the thioether-substituted 

PDI derivatives (2, 3, 5, 7, 8, and 10) to the naked one (1) in methy
lene chloride solution. The spectrum of 1 in solution displays a strong 
band for the 0–0 transition at 524 nm, and subsequently weaker bands at 
488 and 458 nm corresponding to the 0–1 and 0–2 vibronic transitions, 
respectively. 

Chart 1. Sulfoxides 11–13 and sulfones 14–19.  

Table 1 
UV–vis absorption (λmax) and fluorescence maximum (λem) wavelengths, 
extinction coefficients (log ε), fluorescence quantum yields (Φ), wavelengths of 
the 0-0 transition (λ0-0), and Stokes shifts.   

λmax/nm (log ε), CH2Cl2 λem/nm (Φ), 
CH2Cl2 

λ0-0/ 
nm 

Stokes shift/ 
nm 

1 458 (4.6), 488 (5.0), 524 (5.2) 532 (1) 528 8 
2 444 (4.2), 542 (4.6) 625 (0.049) 580 83 
3 429 (4.2), 566 (4.5) 641 (0.027) 605 76 
5 428 (4.1), 444 (4.1) 565 (4.5) 638 (0.03) 605 73 
7 579 (4.4) 673 (0.007) 637 94 
8 303 (4.5), 402 (3.9), 590 (4.2) 649 (0.003) 622 59 
10 380 (3.9), 400 (4.0), 488 (4.7), 

543 (4.7) 
557 (0.001) 548 14 

11 502 (4.6), 524 (4.7) 569 (0.02) 545 45 
12 509 (4.4) 559 (0.05) 542 50 
13 526 (4.8) 569 (0.02) 553 43 
14 494 (4.6), 528 (4.7) 550 (0.54) 540 22 
15 492 (4.4), 526 (4.5) 542 (0.52) 535 16 
16 490 (4.3), 525 (4.5) 542 (0.53) 534 17 
17 497 (4.3), 531 (4.4) 557 (0.44) 544 26 
18 468 (4.2), 499 (4.6), 537 (4.9) 551 (0.7) 543 14 
19 492 (4.4), 527 (4.6) 545 (0.46) 537 18  
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The introduction of substituents at the bay positions induces a 
bathochromic shift, more pronounced as the number of substituents 
increases (Table 1). Thus, the absorption maximum moves to 542 nm for 
the 1-substituted PDI 2 (18 nm shift respect to PDI 1), and ca. 565 nm for 
the 1,6- and 1,7-disubstituted PDIs 3 and 5 (41 nm shift respect to PDI 
1). The highest shifts correspond to the bay tetrasubstituted PDIs 7 and 
8, whose absorption maxima appear at 579 (55 nm shift) and 590 nm 
(66 nm shift), respectively. The latter result is noteworthy as the dif
ference between 7 and 8 is the presence of a two-carbon bridge linking 
each pair of sulfur atoms, thus originating eight-member rings which 
increase the distortion of the structure (see section 3.4). The absorption 
redshift, due to the narrowing of the optical band gap, can be attributed 
to a more destabilized HOMO energy level, a result of the electron 
donating character of the sulfur atoms [27]. Thus, Table 2 (see section 
3.3) shows the electrochemically calculated HOMO and LUMO energies 
for the studied PDIs. While the LUMO values for PDIs 1, 2, 3, 5, and 7 
remain at a constant value of ca. − 3.7 eV, the energies of the HOMOs 
increase from − 6.01 to − 5.80, − 5.67, − 5.69 and − 5.58 eV. 

Other features observed after the introduction of the S-substituents 
in the bay positions include 1) the complete loss of the band shape 
accompanied by a huge widening, and 2) a significant reduction of the 
molar extinction coefficient, being the largest effects observed again for 
compound 8. This second issue is related to a change in the transition 

dipole moment of the molecules and will be discussed in section 3.4 (vide 
infra). 

On the other hand, there are no significant differences between the 
1,6 (PDI 3) and 1,7 (PDI 5) isomers. 

For PDI 10, substituted at the four ortho positions with alkylthio 
groups, the shape of the band is slightly preserved, while the redshift is 
similar to the one produced by one substituent in the bay position (PDI 
2), thus pointing out to the deeper effect caused by substituents in the 
bay positions than when they are present at the ortho ones. This contrast 
between the magnitude of the effect caused by the substituents in bay 
and ortho positions has been previously described [24]. 

Fig. 2 compares the absorption spectra in dichloromethane solution 
of the sulfoxide 11 and the sulfone 14 to the one of their precursor, 2. A 
hypsochromic shift and a significant shape variation are observed. Thus, 
PDI 11 shows a band with its maximum located at 524 nm, the same 
wavelength observed for PDI 1, together with a shoulder at lower 
wavelength. On the other hand, PDI 14 has a spectrum which resembles 
that of the unsubstituted PDI 1 both in wavelength and shape. Inter
estingly, oxidation of the sulfoxide to the sulfone has almost no influence 
on the wavelength of the absorption maximum. In fact, it has been 
previously described that little spectral changes compared with the 
unsubstituted PDI take place when electron-withdrawing substituents 
are attached at the bay positions [1b]. 

Disubstituted PDIs show a similar behavior as monosubstituted PDIs 
when in dichloromethane solution: sulfoxides and sulfones show a blue 
shift in the absorption maxima, which lie in the same region as for PDI 1 
due to the electron-withdrawing nature of the substituents (vide supra). 
Once again, while the sulfinyl compounds show a band with a shoulder, 
the spectra of the sulfonyl compounds exhibit the typical vibronic 
structure of unsubstituted PDIs. Interestingly, PDI 13 (1,7 isomer) pre
sents a higher molar extinction coefficient (ε) than the other derivatives 
(Fig. 3). We think this is a consequence of a better conjugation pathway 
in the chromophore due, among other factors, to a less distorted struc
ture of the PDI (see section 3.4). 

Comparing tetrasubstituted derivatives in methylene chloride solu
tion, ortho-substituted compounds show higher extinction coeficients 
than bay-substituted compounds, which could probably be due to the 
fact that they preserve the planarity of the aromatic core (Fig. S74, ESI). 
On the other hand, the hypsochromic shift when passing from the sulfide 
8 to the sulfone 19 (63 nm) is much higher than the one observed for the 
couple 7/17 (48 nm), being extremely low (6 nm) for the ortho 
substituted compounds 10/18 (Fig. 4). 

As a summary, the introduction of electron-donor substituents causes 
the disappearance of the characteristic vibrational bands of the naked 
PDI, and a red-shifted broad band can be observed instead. Moreover, 
the electron donating effect of the alkylthio substituents has a deeper 

Fig. 1. Absorption spectra of PDIs 1, 2, 3, 5, 7, 8 and 10 in CH2Cl2 solution.  

Table 2 
Redox potentials measured by DPV (CH2Cl2 solution containing 0.1 M TBAPF6 as 
the supporting electrolyte and Fc/Fc+ as the internal standard) and estimated 
energies of the frontier orbitals.   

Ered2 
(V) 

Ered1 
(V) 

Eox1 
(V) 

Eox2 
(V) 

LUMOa 

(eV) 
HOMOa 

(eV) 
Gap 
(eV) 

1 − 1.21 − 1.1 1.21  − 3.7 − 6.01 2.31 
2 − 1.35 − 1.13 1 1.38 − 3.67 − 5.80 2.13 
3 − 1.42 − 1.16 0.87 1.09 − 3.64 − 5.67 2.03 
5 − 1.35 − 1.13 0.89 1.09 − 3.67 − 5.69 2.02 
7 − 1.33 − 1.10 0.78 0.90 − 3.7 − 5.58 1.88 
8 − 1.19 − 0.96 0.84 0.99 − 3.84 − 5.64 1.8 
10 − 1.34 − 1.14 1.16 1.35 − 3.66 − 5.96 2.3 
11 − 1.38 − 1.04 1.14 1.3 − 3.76 − 5.94 2.18 
12 − 1.47 − 0.86 1.33 1.71 − 3.94 − 6.13 2.19 
13 − 1.14 − 0.86 1.31 1.51 − 3.94 − 6.11 2.17 
14 − 1.17 − 0.9 1.35  − 3.9 − 6.15 2.25 
15 − 1.09 − 0.73 1.34  − 4.07 − 6.14 2.07 
16 − 1.02 − 0.72 1.34  − 4.08 − 6.14 2.06 
17 − 0.75 − 0.43 1.36  − 4.37 − 6.16 1.79 
18 − 0.78 − 0.48 1.34  − 4.32 − 6.14 1.82 
19 − 0.64 − 0.31 1.36  − 4.49 − 6.16 1.67  

a Calculated according to the equations: ELUMO = − Ered1 − 4.8 and EHOMO =

− Eox1 − 4.8. Fig. 2. Absorption spectra of PDIs 2, 11 and 14 in CH2Cl2 solution.  
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impact when they are located in the bay positions of the PDI, than when 
they are located in the ortho ones. On the other hand, replacement of the 
substituents by electron-acceptor ones leads to the recovery of the 
vibronic structure in the UV–vis spectra and to a hypsochromic shift of 
the maxima. 

As expected, fluorescence is quenched when donor substituents are 
introduced, which is attributed to a photoinduced electron transfer 
process [1b], being more pronounced the effect as the number of groups 
increases (PDIs 2 to 10). Thus, the unity quantum yield of PDI 1 drops to 
0.049 for PDI 2, around 0.03 for disubstituted PDIs 3 and 5, and to 
0.001–0.007 for the tetrasubstituted PDIs 7, 8 and 10. On the other 
hand, oxidizing the thioether groups to sulfones leads to a fluorescence 
quantum yield recovery to values slightly higher than 0.5 for the mono- 
and disubstituted PDIs, and 0.45 for the bay-tetrasubstituted PDIs, while 
the ortho-substituted PDI 18 reaches a value of 0.7 (Table 1). Interest
ingly, oxidation of the thioethers to sulfoxides has no influence on the 
fluorescence quantum yields. One might be tempted to ascribe the low 
emission of sulfoxides to the lone pair on the sulfur atom of the sulfinyl 
group that could undergo a photoinduced electron transfer process, thus 
quenching the fluorescence. However, it has been proposed that the 
non-radiative singlet relaxation is due to an excited state pyramidal 
inversion or to the formation of a twisted intramolecular charge transfer 
state (TICT) [28]. 

On the other hand, the existence of appreciable Stokes shifts is 
principally important for fluorescence practical applications because it 
allows to separate excitation light from emitted fluorescence using 

appropriate optics [29]. The fluorescence spectrum of PDI 1 exhibits a 
small Stokes shift (8 nm, Table 1). The introduction of alkylthio-groups 
increases the corresponding Stokes shift, from 70 to 80 nm for the mono- 
and disubstituted PDIs up to 94 nm for PDI 7 with 4 SR groups at the bay 
positions. This increase of the Stokes shift is dramatically less significant 
for the ortho-tetrasubstituted PDI 10 (14 nm), which is related to the 
limited impact on the properties caused by the substituents in the ortho 
positions. On the other hand, sulfinyl derivatives 11–13 display Stokes 
shifts between 40 and 50 nm, while the sulfonyl compounds show values 
around 15–25 nm. 

We have performed a comparative study on the absorption and 
fluorescence spectra of the family of 1,7-disubstituted PDIs 5 (disulfide), 
13 (disulfoxide), and 16 (disulfone) in solvents of different dielectric 
constant, namely hexane, toluene, dichloromethane, tetrahydrofuran 
(THF), and acetone (see Figs. S71–S73, ESI). No relation was inferred 
between the position of the absorption/emission maxima and the sol
vent dielectric constant for any of the three compounds. The sol
vatochromic effect was more pronounced for the disulfide (13 nm) and 
for the sulfoxide (14 nm) than for the sulfone (9 nm). The small sol
vatochromic effect, especially for the sulfone, points out to an almost 
absent charge transfer character in the ground state. In contrast, some
how bigger differences could be witnessed in the emission spectra. Thus, 
in the disulfide there is a difference of 24 nm between the maxima 
recorded in hexane and dichloromethane, while for the sulfoxide the 
difference is 28 nm between the maxima in acetone and THF, and for the 
sulfone is 14 nm between the maxima recorded in hexane and toluene. 
Finally, for PDI 5 the Stokes shift values lie in the range from 62 to 76 
nm, for 13 in the range from 32 to 60 nm, and for 16 the Stokes shifts are 
almost identical in all solvents (17–22 nm). 

3.3. Electrochemistry 

Table 2 displays the oxidation and reduction potentials together with 
the energies estimated for the highest-occupied (HOMO) and lowest- 
unoccupied (LUMO) molecular orbitals for all derivatives under study. 
The values indicate a progressive increase of the electron affinity in the 
series from 11 to 19. 

Fig. 5 compares the redox behavior recorded for compounds 1, 2, 3, 
5, 7, 8 and 10 using differential pulse voltammetry (DPV). The intro
duction of an increasing number of thioether groups progressively hin
ders the reduction process, thus indicating a diminished electron- 
accepting ability of these compounds compared to 1. However, bay 
tetrasubstituted compounds 7 and, especially, 8 are an exception, 
probably due to their distorted structure, which limits the electron 
donating influence of the sulfur atoms. On the other hand, the increasing 
number of thioether groups facilitates the oxidation due to the electron- 

Fig. 3. Absorption spectra of PDIs 3, 5, 12, 13, 15 and 16 in CH2Cl2 solution.  

Fig. 4. Absorption spectra of PDIs 7, 8, 10, 17, 18, and 19 in CH2Cl2 solution.  

Fig. 5. Differential pulse voltammetry of PDIs 1, 2, 3, 5, 7, 8 and 10.  
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rich nature of these substituents. The introduction of the substituents at 
the ortho position (PDI 10) has a smaller effect in the oxidation potential 
(1.16 V against Fc/Fc+) than the bay-substitution (PDI 7, 0.78 V against 
Fc/Fc+), as commented previously for the optical properties [24]. 

As expected, oxidation of the sulfur atoms decreases the reduction 
potential and increases the oxidation one of the compounds. Thus, sul
fones 15 and 16 have an increased reduction tendency (− 0.73 and 
− 0.72 V, respectively, against Fc/Fc+) compared to 12 and 13 (− 0.862 
V against Fc/Fc+, Fig. 6). No noticeable differences between 1,6 and 1,7 
isomers are detected for both the sulfinyl and the sulfonyl compounds. 

Tetrasulfones 17–19 show an extremely high electron-accepting 
ability, which is more pronounced for the bay-substituted compounds 
(Fig. 7). It is remarkable that oxidation of 8 to 19 induces an anodic shift 
of 650 mV in the reduction potential. The calculated LUMO values for 
sulfones 17–19 are − 4.37, − 4.32 and − 4.49 eV, respectively, which are 
values very close to the lowest LUMO value described for a PDI (− 4.75 
eV) [14]. 

3.4. Theoretical calculations 

The energies for the highest-occupied (HOMO) and lowest- 
unoccupied (LUMO) molecular orbitals, together with the correspond
ing gaps, were calculated under the density functional theory (DFT) 
framework (Table 3). Methyl groups were introduced in the imido po
sitions to simplify calculations. The trends observed for the HOMO/ 
LUMO energies and gaps when increasing the number of substituents 
and its oxidation state agree very well with the experimental data shown 
in Table 2. 

The minimum-energy geometries computed at the B3LYP/6-31G* 
level of theory for PDIs 8, 10, 12, and 18 are displayed in Fig. 8. The 
angle formed by the average planes defined by the two naph
thaleneimide subunits forming the PDI core (Fig. 8 and Table 3) for PDIs 
2–8 increases as the number of substituents on the bay area does. 
Interestingly, for compounds 2, 3, 5, and 11–16, the angles increase in 
the order sulfoxide < tioether < sulfone. As expected, the most distorted 
compounds are PDIs 8 and 19, while the ortho substituted ones, 10 and 
18, are planar or almost planar. 

The experimentally observed Stokes shifts point out to consider the 
need for an optimization of the first excited state, at least for some 
molecules. Indeed, the calculations performed using the B3LYP func
tional show a somehow anomalous behavior in some cases. Conse
quently, we have also used the hybrid meta GGA functional M06-2X, 
which yields more accurate results for the study of excited states [30]. 

The optimized structures of the studied compounds in dichloro
methane solvation are showed in Figure S74 (ESI). Table 4 shows the 
vertical and relaxed excitation energies together with their 

corresponding oscillator strengths calculated from optimized geometries 
at state-specific solvation (dichloromethane) M06-2X/6-31G* level of 
theory. The trend of the calculated Stokes shifts matches the experi
mentally observed one, as shown in Figure S75 (ESI). 

Finally, as commented in section 3.2 (vide supra), Fig. 1 shows a 
significant reduction of the molar extinction coefficient of the core- 
substituted PDIs when compared with PDI 1. Thus for example, the 
molar extinction coefficients of PDIs 7, 8, and 10, are between a third 
and a tenth than the one of PDI 1. This appears to be not only caused by a 
change in conjugation due to distortion of the molecular structure, but 
also a change in the transition dipole moment of the molecules due to 
the introduction of substituents. Table 5 shows the correlation between 
the variation in the extinction coefficients and the transition dipole 
moments for PDIs 1, 7, 8, and 10. 

4. Conclusion 

The introduction of thioethers on the PDI core yields electron-donor 
compounds with oxidation potentials as low as 0.63 V against Fc/Fc+. 
On the other hand, oxidation of these compounds renders sulfones with 
strong electron-accepting character, showing reduction potentials as 
low as − 0.31 V against Fc/Fc+. Moreover, the functionalization with 
sulfones of the PDI provides stability by lowering the LUMO to resist 
ambient oxidation. 

Fig. 6. Differential pulse voltammetry of PDIs 3, 5, 12, 13, 15 and 16.  

Fig. 7. Differential pulse voltammetry of PDIs 17, 18 and 19.  

Table 3 
Theoretically calculated energies of the frontier orbitals and torsion angles in the 
bay area for the PDIs in gas phase.  

PDI LUMO (eV) HOMO (eV) Gap (eV) Torsion angle (◦)a 

1 − 3.464 − 6.000 2.536 0.0 
2 − 3.443 − 5.895 2.452 − 17.5/-10.4 
3 − 3.452 − 5.829 2.377 22.4/22.3 
5 − 3.411 − 5.770 2.359 − 21.1 
7 − 3.352 − 5.933 2.581 32.6 
8 − 3.507 − 5.882 2.375 − 33.7/-35.7 
10 − 3.289 − 5.878 2.589 4.0/4.1 
11 − 3.606 − 6.075 2.469 − 15.4/-8.9 
12 − 3.707 − 6.229 2.522 − 13/10.9 
13 − 3.746 − 6.150 2.404 − 18.7 
14 − 3.705 − 6.271 2.566 − 21.1/-11.0 
15 − 3.797 − 6.371 2.580 − 24.9 
16 − 3.814 − 6.380 2.566 24.2 
17 − 4.095 − 6.619 2.524 33.8/33.6 
18 − 4.173 − 6.601 2.428 0.3/0.1 
19 − 4.570 − 7.063 2.493 34.2  

a Angle formed by the average planes defined by the two naphthaleneimide 
subunits. 
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Fig. 8. Torsion angles in the bay region of PDIs 8 (a), 10 (b), 12 (c) and 18 (d).  

Table 4 
Vertical and relaxed excitation energies (in nm), and oscillator strength (f) from 
optimized geometries at state-specific solvation (dichloromethane) M06-2X/6- 
31G* level of theory.  

PDI Vertical Energy (nm) f Relaxed Excitation Energy (nm) f 

1 437 0.799 511 0.777 
2 467 0.513 583 0.422 
3 482 0.407 618 0.336 
5 490 0.418 600 0.391 
7 446 0.494 680 0.295 
8 498 0.313 662 0.258 
10 429 0.702 506 0.731 
11 450 0.618 538 0.574 
12 441 0.632 563 0.421 
13 464 0.503 560 0.470 
14 439 0.661 521 0.644 
15 443 0.596 524 0.584 
16 443 0.586 529 0.577 
17 454 0.445 551 0.437 
18 460 0.748 542 0.745 
19 464 0.447 556 0.454  

Table 5 
Extinction coefficients (log ε) obtained from the absorption spectra in 
CH2Cl2, and transition dipole moments (| μ→|

2) obtained from ground to 
excited state transition electric dipole moments in dichloromethane sol
vation, for PDIs 1, 7, 8, and 10.  

PDI log ε | μ→|
2 (AU) 

1 5.2 11.5048 
10 4.7 9.9224 
7 4.4 7.2526 
8 4.2 5.1385  
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.dyepig.2024.112178. 
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Fernández-Lázaro F, García H, Sastre- Santos Á. Single- and multi-walled carbon 
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mediated alkoxylation and alkylthio-functionalization of halogenated 
perylenediimides. Org Chem Front 2017;4:2016–21. 

[25] Battagliarin G, Zhao Y, Li C, Müllen K. Efficient tuning of LUMO levels of 2,5,8,11- 
substituted perylenediimides via copper catalyzed reactions. Org. Letture 2011;13: 
3399–401. 

[26] (a) Zink-Lorre N, Font-Sanchis E, Sastre-Santos Á, Fernández-Lázaro F. Easy and 
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