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Two Isomeric Perylenothiophene Diimides: Physicochemical 
Properties and Applications in Organic Semiconducting Devices 

Masahiro Nakano,a* Kyohei Nakano,b Kazuo Takimiya,a,c* Keisuke Tajimab 

Two thiophene-fused perylene-3,4,9,10-tetracarboxy diimides, peryleno[2,1-b]thiophene diimide (PTIa) and peryleno[1,2-

b]thiophene diimide (PTIb), were synthesized as electron-deficient building units for electronic and optoelectronic materials. 

Both PTIs have an absorption band in the 480–600 nm range, fluorescence emission with high quantum yield (PTIa: flu = 

0.82 and PTIb: flu = 0.85) in the 600–700 nm range, and a low-lying LUMO energy level (−3.9 eV). Moreover, the 

functionalizable -positions of the fused thiophenes of PTIs allowed us to develop PTI-based -extended molecules as 

organic semiconducting materials. Dimerized PTIs (dPTIa and dPTIb) were synthesized for organic field-effect transistors 

(OFETs), and acceptor-donor-acceptor type triads (IDT-PTIa and IDT-PTIb) were developed as electron-accepting materials 

for organic photovoltaics (OPVs). The two dPTIs, dPTIa and dPTIb, have different physicochemical properties even though 

their structural difference is only the direction of the fused thiophenes of the PTI units. The same can be said for the two 

IDT-PTIs. The PTIa-based materials tend to have higher HOMO energy levels and more bathochromically shifted absorptions 

than those of the PTIb-counterparts. The differences in the physicochemical properties affected the properties of the organic 

devices: dPTIa-based OFETs showed ambipolar behaviors, whereas dPTIb-based ones worked as n-channel unipolar OFETs; 

IDT-PTIa–based OPVs exhibited NIR photo-response up to 880 nm, whereas IDT-PTIb–based ones showed photocurrent 

generation only up to 800 nm. These results indicate that PTIa and PTIb are an interesting pair of electron-deficeint building 

units that can tune the electronic structures of resulting organic semiconductors.

Introduction 

Over the past two decades, organic -conjugated molecules have 

been intensively studied owing to their interesting 

optical/electronic properties and potential applications in 

electronic devices.1,2 , 3 ,4 Rylene diimides (RyDIs, Figure 1a), 

which are well-known -conjugated systems with excellent 

photochemical stabilities and strong electron-accepting 

properties, have received growing attention in the development 

of organic dyestuffs, pigments, and semiconductors.5,6,7 Because 

the physicochemical properties of RyDIs are dependent on the 

electronic nature of the central rylene cores, the -extension of 

the rylene cores is one of the effective ways to tune the 

absorption/fluorescence and the frontier orbital energy levels of 

RyDIs for optical and electronic materials. Numerous laterally 

-extended RyDIs, particularly lateral-extended naphthalene-

1,4,5,8-tetracarboxy diimides (NDIs) and perylene-3,4,9,10-

tetracarboxy diimides (PDIs), have been reported as optical 

materials with visible and/or near-infrared (NIR) photo-

responses, 8 , 9 , 10  n-type materials for organic field-effect 

transistors (OFETs),11,12,13 and electron-accepting materials for 

organic photovoltaics (OPVs).14,15,16 

Among the laterally -extended RyDIs, we have focused on 

thiophene-fused NDIs (NTI and NDTI, Figure 1b).17,18,19 Indeed, 

the fused thiophenes of NTI and NDTI not only alter the 

physicochemical properties of NDI, but also allow the further 

development of laterally -extended materials through the 

functionalizable -positions. NTI and NDTI have been adopted 

as useful building units for -conjugated molecules with strong 
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Figure 1. Chemical structures of rylene diimides (a), lateral-

extended NDIs with fused thiophenes (b), PTIs (c), and -

extended PTIs (d). 
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electron deficiency, and various NTI- and NDTI-based 

conjugated molecules and polymers have been developed for n-

type OFETs (electron mobility: electron >1 cm2 V−1 s−1),20 OPVs 

(power conversion efficiency: PCE >9%),21 and thermoelectric 

devices (power factor: PF >14 W m−1 K−2).22  

On the other hand, the longitudinal -extension of the rylene 

cores in RyDIs (i.e., increasing the number of peri-condensed 

naphthalenes in the rylene moiety) can also alter the 

physicochemical properties.23,24 For example, N,N´-dioctyl-NDI 

shows an absorption in the UV region (280–380 nm, absorption 

coefficient:  ~2×104 cm−1 M−1) and a very weak fluorescence 

(quantum yield: flu was lower than the detectable limit by our 

hands), whereas N,N´-dioctyl-PDI has an intense absorption in 

the visible region (450–550 nm,  ~9×104 cm−1 M−1) and a strong 

fluorescence (ful ~0.95) (Figure S1). Based on the observed 

intense absorption and high fluorescence quantum yield of N,N´-

dioctyl-PDI, we have expected thiophene-fused PDIs (PTIs, 

Figure 1c) would be interesting electron-deficient building units 

for optical and optoelectronic materials. In addition, the large 

electron-deficient -skeletons of the PTI units can be 

advantageous for efficient electron transport in organic 

electronic devices. Very recently, mono-, di-, and tetra-

thiophene–fused PDIs have been reported by several research 

groups. 25 , 26 , 27 Compared to the parent PDI, these thiophene-

fused PDIs exhibit absorptions with bathochromic shifts, and 

tetra-thiophene–fused PDIs show good electrons in single-crystal 

OFETs. These results have encouraged us to study the properties 

and features of PTIs as building units of -functional materials. 

In this paper, we report the synthesis of mono-thiophene–

fused PDIs, peryleno[2,1-b]thiophene diimide (PTIa) and 

peryleno[1,2-b]thiophene diimide (PTIb), as electron deficient 

-units. Their different direction of the fused thiophen on the PDI 

skeleton can give the distinct features, 28 , 29 , 30  thus, we first 

elucidate similarities and differences in the electronic structures 

of the two isomeric PTIs, and then their application to -

extended materials for organic electronic devices are examined: 

PTI-dimers connected by a coplanar thiophene-thiophene 

junction (Figure 1d, dPTIa and dPTIb) and acceptor-donor-

acceptor triads (Figure 1d, IDT-PTIa and IDT-PTIb) with 

indaceno[1,2-b:5,6-b´]dithiophene (IDT). 31 , 32  The formers are 

tested as the active material for OFET devices, whereas the latter 

as the electron accepter in OPV devices combined with an 

electron donating polymer.  

Results and discussion 

Synthesis 

Scheme 1 shows the synthesis of PTIa and PTIb. We first 

prepared ethynylated PDIs with 1-pentylhexyl groups at the 

imide moieties (2a and 2b) by Sonogashira cross-coupling 

reaction of the corresponding halogenated PDIs (1a and 1b, 

Scheme S1) with triethylsilyl (TES) acetylene. Then, 2a and 2b 

were converted into the PTI structures (3a and 3b) by a sodium 

sulfide–promoted thiophene annulation reaction (Figure S2)33,34 

in isolated yields of 68 and 61%, respectively. The subsequent 

desilylation with tetrabutylammonium fluoride gave PTIa and 

PTIb as maroon solids, which were fully characterized by 

spectroscopic methods, including IR, 1H NMR, 13C NMR, and 

high-resolution MS (See Experimental section). 

The TES group of 3a and 3b were readily converted into 

bromine in high isolated yields (Br-PTIa: 86% and Br-PTIb: 

81%, Scheme 2). Palladium-catalyzed reactions of the 

brominated PTI with hexamethylditin gave dimerized PTIs 

 

Scheme 1. Synthetic routes of PTIa and PTIb. 

 

Scheme 2. Synthesis of dPTIs and IDT-PTIs. 
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(dPTIa and dPTIb). IDT-PTIa and IDT-PTIb were synthesized 

by the Stille cross-coupling reaction of corresponding Br-PTIs 

with 2,7-bis(trimethylstannyl)-IDT (4). All the compounds were 

isolated as stable solids and fully characterized. It is noteworthy 

that the colours of isomeric dPTIs and IDT-PTIs are not the 

same, even though the structural difference is only the direction 

of the fused thiophenes; dPTIa: emerald green, dPTIb: pink, 

IDT-PTIa: dark brown, and IDT-PTIb: purple in chloroform 

solution, respectively (vide infra). 

 

Physicochemical properties 

Figure 2a and 2b show the absorption and fluorescence 

spectra of PTIa, PTIb, and PDI. Table 1 summarizes their 

physicochemical properties. PTIa and PTIb show bathochromic 

shifts in absorption and fluorescence in chloroform solution 

relative to parent PDI. These bathochromic shifts in PTIs are 

attributed to the -extension of PDI by thiophene condensation. 

The high fluorescence quantum yields of PTIs (PTIa: flu = 0.82 

and PTIb: flu = 0.85) indicate that the strong fluorescence of PDI 

is not impaired by the thiophene condensation.  

The electrochemical behaviour of PTIs is similar to that of 

PDI (Figure S3a); the cyclic voltammograms of PTIs show two 

separate reversible reduction waves and one irreversible 

oxidation wave (from −1.9 V to +1.2 V, vs. Fc/Fc+). The frontier 

orbital energy levels of PTIa and PTIb were estimated from the 

onset values of the oxidation and reduction waves. The estimated 

HOMO and LUMO energy levels (EHOMOs and ELUMOs) of PTIa 

and PTIb are the same (EHOMO = −5.7 eV and ELUMO = −3.9 eV). 

The absorption spectra and cyclic voltammograms of dPTIs 

and IDT-PTIs are depicted in Figure 2cd and S3b. In contrast to 

the similarity in the physicochemical properties of PTIa and 

PTIb, dPTIa and dPTIb have different absorption and EHOMOs 

(Table 1). dPTIa has more bathochromically shifted absorption 

(edge
abs ~719 nm) and higher EHOMO (−5.6 eV) than those of 

dPTIb (edge
abs ~695 nm, EHOMO = −5.8 eV), and both of dPTIs 

have similar ELUMOs (−4.1 eV). Similar tendencies in the 

absorption and frontier orbital energy levels are also observed in 

IDT-PTIs. Both of IDT-PTIs exhibit absorption in the visible to 

the NIR region, and IDT-PTIa show bathochromic shifts in the 

absorption (edge
abs ~857 nm) compared to IDT-PTIb (edge

abs 

~801 nm). The EHOMO of IDT-PTIa (−5.3 eV) is higher than that 

of IDT-PTIb (−5.4 eV). 

To clarify the difference in electronic properties between the 

-extended PTIas and the PTIb-counterparts, we studied their 

frontier orbitals from the results of the density functional theory 

(DFT) calculations with 6-31G* basis set (Figure 3). The 

calculated EHOMOs of PTIa-based molecules are higher than those 

of the corresponding PTIb-based ones, and their ELUMOs are 

similar. These trends are similar to the experimental results. The 

difference of EHOMOs of dPTIa and dPTIb can be understood by 

considering how the molecular orbitals of the two PTI-units in 

dPTIs interact with each other. dPTIa shows well-delocalized 

HOMO on the whole molecular structure through the thiophene-

thiophene junction. This suggests that the orbital mixing of the 

HOMOs of the two PTIa-units is effective, which can give the 

higher EHOMO of dPTIa than that of parent PTIa.35 On the other 

hand, the HOMO of dPTIb is localized on the two PTIb-units. 

 

Figure 2. Absorption spectra and fluorescence spectra of 

PTIs and PDI (a, b). Absorption spectra of dPTIs and IDT-

PTIs (c, d). 

 

 

Figure 3. DFT-calculated HOMO and LUMO of dPTIs and 

IDT-PTIs.  
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This implies that the orbital interaction of the PTIb-units is 

weaker compared with that of PTIa-units in dPTIa though the 

dihedral angle of the ,´-linked thiophenes of dPTIb is similar 

to that of dPTIa (<5°, Figure S6a). As a consequence, the EHOMO 

of dPTIb is lower than that of dPTIa. In the case of IDT-PTIs, 

the dihedral angles the ,´-linked thiophenes in the DFT-

optimized structures of IDT-PTIs are also similar (Figure S6b), 

however, the HOMO of IDT-PTIa is more delocalized than that 

of IDT-PTIb, which indicates that the orbital mixing of PTIa- 

and IDT-units is more effective than that of PTIb- and IDT-units. 

This can explain the higher EHOMO of IDT-PTIa than that of IDT-

PTIb. These difference in the HOMO of -extended PTIas and 

corresponding PTIbs would be originated from the different 

HOMO distribution of PTIa and PTIb (Figure S7): the HOMO 

coefficient at the -carbon atom of PTIa is larger than that of 

PTIb (PTIa: 0.166 and PTIb: 0.063), which can give more 

effective orbital mixing of HOMOs of PTIa and substituted -

units than that of PTIb and adjacent units. These results suggest 

that we can use PTIa- and PTIb-units to control the 

physicochemical properties of PTI-based materials: PTIa is 

effective for the molecular design of materials with a narrow 

HOMO–LUMO energy gap, whereas PTIb is useful for the 

molecules with lower EHOMOs than the corresponding PTIa-based 

ones. 

 

OFET and OPV properties 

As characterized by cyclic voltammetry, dPTIs exhibit 

sufficient ELUMOs (−4.1 eV) for electron-transportation in OFET 

devices under ambient conditions. 36  OFET devices with a 

bottom-gate/top-contact configuration were fabricated with spin-

coated thin films of dPTIa and dPTIb on Si/SiO2 substrates 

treated with octyldodecyltrichlorosilane (ODTS).  

Figure 4 shows the transfer and output characteristics of the 

transistors, and Table S3 summarizes their properties. The 

dPTIa- and dPTIb-based devices show transistor characteristics 

for n-channel operation (Vd = +60 V) under ambient conditions, 

thereby suggesting that PTIs are promising building units for air-

stable n-type OFET materials. The dPTIa-based transistors 

exhibit ambipolar characteristics (on/off ratio: Ion/Ioff ~102) 

owing to the low-lying ELUMO and the high-lying EHOMO (−5.6 

eV). By contrast, the lower EHOMO of dPTIb (−5.8 eV) does not 

allow the injection of hole carriers, resulting in typical n-type 

characteristics (Ion/Ioff ~105). 

The maximum electrons of dPTIa- and dPTIb-based devices 

were 1.0 × 10−2 and 8.4 × 10−3 cm2 V−1 s−1, respectively. Atomic 

force microscopy (AFM) images of the devices based on dPTIa 

and dPTIb are similar (Figure S8ab), which can explain their 

similar electron mobilities. Improved electrons were obtained 

after thermal annealing at 200 °C (dPTIa: electron ~9.2 × 10−2 cm2 

V−1 s−1 and dPTIb: electron ~4.3 × 10−2 cm2 V−1 s−1). In AFM 

images of the annealed devices, crystalline grains with 

submicrometer were observed more clearly compared with those 

of non-annealed devices (Figure S8cd). Besides, we evaluated 

the molecular orientation of dPTIs in thin films with and without 

thermal annealing by XRD measurements. The as-cast films of 

dPTIa and dPTIb show only one diffraction peak (dPTIa: d = 

19.7 Å, dPTIb: d = 19.9 Å) in the out-of-plane XRD patterns 

(Figure S10ab). After thermal annealing (200 °C), the thin films 

of dPTIs show not only diffraction peaks in the out-of-plane 

XRD patterns (dPTIa: d = 21.9 Å, dPTIb: d = 22.4 Å) but also 

broad peaks, which are attributed to the -stacking ordering, in 

the in-plane patterns (Figure S10cd, dPTIa: d = 3.5 Å, dPTIb: d 

= 3.5 Å). These results indicate that dPTIs showed perpendicular 

orientation of their -plane to the substrate in the annealed thin-

films (Figure S10), which can lead to improved mobilities in the 

annealed OFET devices.  

We also fabricated IDT-PTIa– and IDT-PTIb–based OFETs, 

and the molecular orientation of IDT-PTIs in the thin films were 

evaluated. Both of the devices based on the as-cast films of IDT-

PTIa and IDT-PTIb did not show any clear transistor 

characteristics. This can be explained by the low-crystalline 

nature of IDT-PTIa and IDT-PTIb; Neither of the as-cast films 

of IDT-PTIs showed any peaks in the XRD patterns (Figure 

S11). After thermal annealing (200 °C), weak diffraction peaks 

were observed in the out-of-plane (IDT-PTIa: d = 21.2 Å, IDT-

Table 1. Physicochemical properties of PDI, PTIs, NTI, and -extended PTIs 

 

aUV-visible absorption spectra measured in chloroform solution (ca. 10–5 M) at room temperature. bCalculated from the edge
abs, Eg = 

1240/edge
abs. cFluorescence spectra measured in chloroform solution (ca. 10-6 M). dAbsolute quantum yield. eAgainst 

ferrocene/ferrocenium couple. fELUMO = –4.8 – Ered
onset (eV). gEHOMO = –(Eoxi

onset + 4.8) (eV).  
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PTIb: d = 21.2 Å) and the in-plane (IDT-PTIa: d = 20.8 Å, IDT-

PTIb: d = 20.8 Å) XRD patterns. Although annealed OFETs 

based on IDT-PTIa and IDT-PTIb did not work, we measured 

the electron mobilities of the annealed films by SCLC method 

(Figure S13 and Table S1). The SCLC mobilities of IDT-PTIa 

and IDT-PTIb in the thin films are also similar, which can be 

understand from their similar molecular orientation manner.  

On the other hand, the broad absorption in the visible to the 

NIR region implies usefulness of IDT-PTIs in OPV devices with 

NIR photo-responses. We fabricated OPV devices with an 

inverted configuration, where PBDB-T, a representative state-of-

the-art donor material, 37 , 38 , 39  was combined with IDT-PTIs. 

Figure 5 shows the J-V characteristics and the external quantum 

efficiency (EQE) spectra of IDT-PTIa– and IDT-PTIb–based 

OPVs. The OPVs have similar PCEs of 3.8% (IDT-PTIa:PBDB-

T) and 3.5% (IDT-PTIb:PBDB-T). Due to the bathochromic shift 

in the absorption of IDT-PTIa relative to that of IDT-PTIb 

(Figure S4), the OPV devices based on IDT-PTIa have an EQE 

spectrum with an NIR photo-response up to 880 nm. 

Thermal annealing improved the OPV performances (200 

°C, IDT-PTIa:PBDB-T: PCE = 5.1% and IDT-PTIb:PBDB-T: 

PCE = 4.9%), particularly the short-circuit current density (JSC) 

and the fill factor (FF). The similar AFM images of the OPV 

devices with and without annealing implies that there are not 

significant morphological differences in the annealed and non-

annealed devices (Figure S9). On the other hand, out-of-plane 

and in-plane XRD measurements indicated that the crystalline 

nature of the blended films of IDT-PTIa:PBDB-T and IDT-

PTIb:PBDB-T was improved after the thermal annealing (Figure 

S12). The enhanced crystallinity of the blended films may 

explain the improvement of JSC and FF values of the annealed 

devices. The well-distributed carrier delocalization in the 

ordered active materials can give improved JSC and FF owing to 

the enhancement of the dissociation of the charge-transfer 

excitons.40,41 Similar device behaviours upon thermal annealing 

were also observed in reported OPVs based on electron-

accepting materials with molecular structures close to that of 

IDT-PTIs.21,42 

The d-spacing values estimated from the out-of-plane and in-

plane XRD patterns of the annealed blend-films are d = 20.4 Å 

and d = 20.7 Å, respectively. These d-spacing values are the 

same as those of the pure films of PBDB-T and are different from 

those of IDT-PTIs, indicating that the IDT-PTIs do not form an 

ordered structure in annealed blend films. The poor molecular 

orientation of IDT-PTIs in the active layers can limit the 

resulting PCE values. However, the moderate PCE values of 

IDT-PTI-based OPVs suggest that PTI-units are promising for 

electron accepting materials with NIR absorbing nature.  

Conclusions 

In summary, mono-thiophene-fused PDIs, PTIa and PTIb, were 

synthesized as building units for organic electronic and 

optoelectronic materials with strong electron deficiencies. Both 

show bathochromic shift in the absorption/fluorescence spectra 

and downward shift of the ELUMOs compared with those of PDI. 

We also synthesized dPTIs (dPTIa and dPTIb) for n-type OFET 

materials and IDT-PTIs (IDT-PTIa and IDT-PTIb) as electron-

accepting materials for OPVs. The physicochemical properties 

of PTIa and PTIb are similar, but the results of DFT calculations 

indicated that the HOMO coefficient at the -carbon atoms of 

PTIs are differ. As a consequence, both dPTIs and IDT-PTIs 

have different physicochemical properties depending on the type 

of PTI-unit in the molecular structures; dPTIa and IDT-PTIa 

showed higher EHOMOs and more bathochromic shifts in 

absorption than the corresponding PTIb-based derivatives. The 

different physicochemical properties affected the properties of 

the organic devices based on dPTIs and IDT-PTIs: dPTIa-based 

Figure 4. Transfer and Output curves of bottom-gate-top-

contact type OFETs based on dPTIa (a,b,c,d) and dPTIb (e,f). 

W/L = 1500/40. All the devices were characterized under 

ambient conditions. 

Figure 5. J-V characteristics (a) and EQE spectra (a) of the 

OPV devices based on IDT-PTIa:PBDB-T and IDT-

PTIb:PBDB-T. 
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OFETs demonstrated ambipolar behaviours, whereas dPTIb-

based OFETs worked as n-channel OFETs. IDT-PTIa–based 

OPVs exhibited NIR photo-response up to 880 nm, which is 

bathochromically shifted relative to that of IDT-PTIb–based 

devices (–800 nm). These results suggest that PTIa- and PTIb-

units can tune the physicochemical properties and resulting 

behaviour in organic devices of PTI-based molecules. The 

further design and synthesis of PTI-based -conjugated materials 

and studies of their possible utilization in organic electronic and 

optoelectronic devices are underway in our laboratory.  

Experimental 

General 

All chemicals and solvents are of reagent grade unless otherwise 

indicated. Toluene were purified with a standard procedure prior 

to use. 2,7-bis(trimethylstannyl)-4,4,9,9-tetrakis(4-

hexylphenyl)-s-indaceno[1,2-b:5,6-b´]dithiophene, 43  and 

PBDB-T33 were synthesized according to the reported 

procedures. All reaction was conducted under argon atmosphere. 

Melting points were uncorrected. Nuclear magnetic resonance 

spectra were obtained in deuterated chloroform (CDCl3) or 

deuterated 1,1,2,2-tetrachloroethane (TCE-d2); chemical shifts 

() are reported in parts per million. IR spectra were recorded 

using a KBr pellet. 

 

Synthesis 

N,N´-Bis(1-pentylhexyl)-1-(triethylsilylethynyl)-perylene-

3,4,9,10-tetracarboxydiimide (2a) 

A mixture of 1a (2.0 g, 2.57 mmol), triethylsilylacetylene (1.22 

mL, 6.8 mmol), bis(triphenylphosphine)palladium(II) dichloride 

(600 mg, 0.85 mmol), and copper iodide (52 mg, 0.27 mmol) in 

diisopropylamine (70 mL) was stirred under room temperature 

for 1 day. After evaporation of the solvent, the residue was 

purified by column chromatography on silica gel eluted with 

dichloromethane/hexane (1:2, v/v) to give 2a as a red solid (1.89 

g, 88%): 1H NMR (400 MHz, TCE-d2): δ 10.53 (d, J = 8.0 Hz, 

1H), 8.85 (s, 1H), 8.75 (d, J = 8.0 Hz, 1H), 8.74–8.68 (m, 4H), 

5.26–5.17 (m, 2H), 2.44–2.22 (m, 4H), 2.04–1.90 (m, 4H), 1.49–

1.32 (m, 24H), 1.27 (t, J = 8.0 Hz, 9H), 0.98–0.91 (m, 18H); 13C 

NMR (100 MHz, TCE-d2): 164.2, 164.0, 163.6, 163.4, 139.2, 

134.82, 134.75, 134.5, 134.2, 131.4, 131.1, 131.0, 129.4, 128.9, 

127.54, 127.48, 127.0, 124.4, 124.2, 123.8, 123.6, 123.1, 122.9, 

122.8, 120.4, 107.6, 106.2, 55.2, 32.7, 31.8, 26.8, 22.6, 13.9, 7.7, 

4.8; IR (KBr)  = 1699, 1661 cm−1 (C=O); MP: 217.6–218.4 °C; 

HRMS (APCI) m/z calcd for C54H68N2O4Si: [M]+ 837.5027. 

Found: 837.5022. 

 

N,N´-Bis(1-pentylhexyl)-2-(triethylsilylethynyl)-perylene-

3,4,9,10-tetracarboxydiimide (2b) 

A similar procedure to the synthesis of 2a with 1b afforded the 

title compound as a red solid in 89% isolated yield: 1H NMR 

(400 MHz, CDCl3): δ 8.70 (d, J = 8.0 Hz, 1H), 8.69 (d, J = 8.0 

Hz, 1H), 8.68 (d, J = 8.0 Hz, 1H) 8.64 (s, 1H), 8.62 (d, J = 8.0 

Hz, 1H), 8.61 (d, J = 8.0 Hz, 1H), 8.60 (d, J = 8.0 Hz, 1H), 5.23–

5.15 (m, 2H), 2.31–2.20 (m, 4H), 1.93–1.84 (m, 4H), 1.39–1.23 

(m, 24H), 1.20 (t, J = 8.0 Hz, 9H), 0.89–0.83 (m, 18H); 13C NMR 

(100 MHz, TCE-d2): 164.1, 163.5, 162.1, 161.8, 134.7, 134.2, 

134.0, 133.3, 131.8, 131.7, 131.5, 131.4, 130.3, 129.7, 129.6, 

129.4, 127.5, 126.7, 126.0, 124.9, 124.3, 124.1, 123.1, 123.0, 

105.9, 105.7, 55.2, 55.1, 32.7, 31.8, 26.74, 26.69, 22.5, 13.9, 

7.47, 7.42, 4.91; IR (KBr)  = 1701, 1680 cm−1 (C=O); MP: 

150.4–151.1 °C; HRMS (APCI) m/z calcd for C54H68N2O4Si: 

[M]+ 837.5027. Found: 837.5023. 

 

N,N´-Bis(1-pentylhexyl)-2-(triethylsilyl)-peryleno[2,1-

b]thiophene-6,7,12,13-tetracarboxydiimide (3a) 

Na2S·9H2O (770 mg, 3.20 mmol) was added to a stirred 

suspension of 2a (1.48 g, 1.77 mmol) in 2-methoxyethanol (162 

mL) and acetic acid (1.7 mL) at 100 °C. After stirred at the same 

temperature for 12 h, the mixture was stirred again at room 

temperature for 15 min. under atmospheric conditions. Then, the 

mixture was diluted with water and the resulting precipitate was 

collected by filtration and washed with methanol. After drying, 

the crude product was purified by column chromatography 

(SiO2, dichloromethane/hexane = 1/2) to give 3a as a maroon 

solid (0.99 g, 68%): 1H NMR (400 MHz, CDCl3): δ 8.82 (d, J = 

8.0 Hz, 1H), 8.80 (d, J = 8.0 Hz, 1H), 8.75 (d, J = 8.0 Hz, 1H), 

8.72 (d, J = 8.0 Hz, 1H), 8.68 (d, J = 8.0 Hz, 1H), 8.65 (d, J = 

8.0 Hz, 1H), 8.44 (s, 1H), 5.53–5.18 (m, 4H), 2.37–2.34 (m, 4H), 

2.00–1.84 (m, 4H), 1.45–1.23 (m, 24H), 1.16–0.99 (m, 15H), 

0.85 (t, J = 6.8 Hz, 6H), 0.83 (t, J = 6.8 Hz, 6H); 13C NMR (100 

MHz, TCE-d2): 164.4, 164.2, 164.1, 164.0, 152.4, 149.2, 140.1, 

136.0, 134.94, 134.85, 131.26, 131.17, 130.34, 129.67, 129.58, 

128.61, 127.5, 126.6, 125.2, 123.9, 123.6, 123.3, 123.1, 122.5, 

120.6, 116.3, 55.4, 55.2, 32.77, 31.9, 26.82, 26.76, 22.5, 13.88, 

13.87, 7.4, 4.7; IR (KBr)  = 1699.6, 1647.2 cm−1 (C=O); MP: 

132.8–134.0 °C; HRMS (APCI) m/z calcd for C54H66N2O4SSi: 

[M]+ 869.4747. Found: 869.4748. 

 

N,N´-Bis(1-pentylhexyl)-2-(triethylsilyl)-peryleno[1,2-

b]thiophene-4,5,10,11-tetracarboxydiimide (3b) 

A similar procedure to the synthesis of 3a with 2b afforded the 

title compound as a maroon solid in 61% isolated yield: 1H NMR 

(400 MHz, CDCl3): δ 9.28 (d, J = 8.0 Hz, 1H), 9.28 (s, 1H), 8.83 

(d, J = 8.0 Hz, 1H) , 8.82 (d, J = 8.0 Hz, 1H), 8.74–7.69 (m, 3H), 

5.32–5.17 (m, 2H), 2.35–2.26 (m, 4H), 2.08–1.83 (m, 4H), 1.38–

1.24 (m, 24H), 1.18–1.04 (m, 15H); 13C NMR (100 MHz, TCE-

d2): 164.5, 164.2, 164.1, 164.0, 149.9, 144.7, 143.1, 135.1, 134.8, 

134.1, 133.4, 131.5, 131.1, 131.0, 129.5, 129.4, 128.1, 127.6, 

127.4, 124.6, 124.4, 123.8, 123.5, 122.9, 122.8, 116.9, 55.2, 

55.1, 32.8, 32.7, 31.9, 31.8, 26.8, 26.7, 22.5, 13.9, 7.4, 4.7; IR 

(KBr)  = 1691.6, 1653.6 cm−1 (C=O); MP: 139.2–140.2 °C; 

HRMS (APCI) m/z calcd for C54H66N2O4SSi: [M]+ 869.4747. 

Found: 869.4746. 

 

N,N´-Bis(1-pentylhexyl)-peryleno[2,1-b]thiophene-6,7,12,13-

tetracarboxydiimide (PTIa) 

3a (100 mg, 0.13 mmol) was dissolved in THF (10 mL) and 

acetic acid (1.0 mL), and then, tetra-n-butylammmonium 

fluoride (1.0 M in THF, 1.3 mL) was added to the solution at 0 

°C. After stirred for 1 h at room temperature, the solution was 

diluted with methanol (100 mL). The resulting precipitate was 

collected by filtration and washed with methanol and purified by 
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column chromatography (SiO2, dichloromethane/hexane = 1/2) 

to afford PTIa as a maroon solid. (82 mg, 95%): 1H NMR (400 

MHz, TCE-d2): δ 8.86 (d, J = 8.0 Hz, 1H), 8.84 (s, J = 8.0 Hz, 

1H), 8.78 (d, J = 8.0 Hz, 1H), 8.76 (d, J = 8.0 Hz, 1H), 8.70 (d, 

J = 8.0 Hz, 1H), 8.68 (d, J = 8.0 Hz, 1H), 8.42 (d, J = 6.8 Hz, 

1H), 8.11 (d, J = 6.8 Hz, 1H), 5.33 (tt, J = 8.4 Hz, 6.0 Hz, 1H), 

5.25 (tt, J = 8.4 Hz, 6.0 Hz, 1H), 2.43–2.77 (m, 4H), 2.09–1.96 

(m, 4H), 1.54–1.32 (m, 24H), 0.94 (t, J = 6.8 Hz, 6H), 0.93 (t, J 

= 6.8 Hz, 6H); 13C NMR (100 MHz, , TCE-d2): 164.4, 164.2, 

164.0, 163.9, 145.8, 138.6, 137.2, 135.7, 134.9, 134.7, 131.3, 

131.2, 131.0, 130.3, 129.6, 129.5, 127.4, 126.7, 125.2, 124.0, 

123.7, 123.3, 123.2, 122.6, 116.7, 99.9, 55.4, 55.2, 32.8, 31.9, 

26.8, 22.5, 13.9; IR (KBr)  = 1691.6, 1647.2 cm−1 (C=O); MP: 

217.7–218.5 °C HRMS (APCI) m/z calcd for C48H54N2O4S: 

[M]+ 755.3883. Found: 755.3883. 

 

N,N´-Bis(1-pentylhexyl)-peryleno[1,2-b]thiophene-4,5,10,11-

tetracarboxydiimide (PTIb) 

A similar procedure to the synthesis of PTIa with 3b afforded the 

title compound as a maroon solid in 94% isolated yield: 1H NMR 

(400 MHz, TCE-d2): δ 9.19 (d, J = 8.0 Hz, 1H), 9.18 (d, J = 8.0 

Hz, 1H), 8.82 (d, J = 8.0 Hz, 1H) , 8.80 (s, J = 8.0 Hz, 1H), 8.73 

(d, J = 8.0 Hz, 1H), 8.68 (s, J = 6.8 Hz, 1H), 8.03 (d, J = 6.8 Hz, 

1H), 5.28 (tt, J = 8.4 Hz, 6.0 Hz, 1H), 5.21 (tt, J = 8.4 Hz, 6.0 

Hz, 1H), 2.36–2.28 (m, 4H), 2.01–1.82 (m, 4H), 1.54–1.32 (m, 

24H), 0.90 (t, J = 6.8 Hz, 6H), 0.89 (t, J = 6.8 Hz, 6H); 13C NMR 

(100 MHz, TCE-d2): 164.5, 164.2, 164.0, 164.0, 143.6, 139.3, 

134.8, 134.7, 134.0, 131.5, 131.3, 130.1, 129.5, 128.1, 127.3, 

126.7, 126.4, 124.8, 124.2, 123.9, 123.7, 123.1, 122.7, 117.4, 

99.9, 55.3, 55.2, 32.83, 32.76, 31.91, 31.88, 26.9, 26.8, 22.6, 

14.0; IR (KBr)  = 1693.5, 1654.9 cm− 1 (C=O); MP: 232.9–

234.5 °C; HRMS (APCI) m/z calcd for C48H54N2O4S: [M]+ 

755.3883. Found: 755.3887. 

 

N,N´-Bis(1-pentylhexyl)-2-bromoperyleno[2,1-b]thiophene-

6,7,12,13-tetracarboxydiimide (Br-PTIa) 

Bromine (2.15 g, 13.4 mmol) was added to a stirred suspension 

of 3a (315 mg, 0.363 mmol) in dichloroethane (21 mL) at room 

temperature and the mixture was stirring at the same 

temperature. After the disappearance of the starting material 

(TLC monitoring, usually 30 min.), the mixture was quenched 

with diluted NaHSO3 aqueous solution (30 mL) and extracted 

with dichloromethane (50 mL). Then, the solvent was evaporated 

and the residue was purified by column chromatography on silica 

gel eluted with dichloromethane/hexane (1:3, v/v) to give Br-

PTIa as a dark red solid (260 mg, 86%): 1H NMR (400 MHz, 

CDCl3): δ 8.80 (d, J = 8.0 Hz, 1H), 8.74 (s, 2H), 8.73 (d, J = 8.0 

Hz, 1H), 8.67 (d, J = 8.0 Hz, 1H), 8.65 (d, J = 8.0 Hz, 1H), 8.36 

(s, 1H), 5.29–5.17 (m, 2H), 2.35–2.23 (m, 4H), 1.97–1.84 (m, 

4H), 1.43–1.19 (m, 24H), 0.96 (t, J = 6.8 Hz, 6H), 0.95 (t, J = 6.8 

Hz, 6H); 13C NMR (100 MHz, TCE-d2): 164.3, 164.0, 163.9, 

163.7, 146.9, 137.9, 135.1, 134.8, 131.4, 131.3, 131.2, 129.4, 

128.8, 128.7, 128.1, 127.2, 126.4, 125.7, 125.2, 124.1, 123.9, 

123.2, 123.0, 122.7, 115.7, 55.6, 55.2, 32.8, 32.7, 31.9, 31.8, 

26.8, 22.5, 13.9; IR (KBr)  = 1690.5, 1654.8 cm−1 (C=O); MP: 

201.7–203.4 °C; HRMS (EI) m/z calcd for C48H53BrN2O4S: [M]+ 

833.2988. Found: 833.2993. 

 

N,N´-Bis(1-pentylhexyl)-2-bromoperyleno[1,2-b]thiophene-

4,5,10,11-tetracarboxydiimide (Br-PTIb) 

A similar procedure to the synthesis of Br-PTIb with 3b afforded 

the title compound as a dark red solid in 81% isolated yield: 1H 

NMR (400 MHz, TCE-d2): δ 9.28 (s, 1H), 8.86 (d, J = 8.0 Hz, 

1H), 8.81 (d, J = 8.0 Hz, 1H), 8.80 (d, J = 8.0 Hz, 1H), 8.68 (d, 

J = 8.0 Hz, 1H), 8.66 (d, J = 8.0 Hz, 1H), 5.27 (tt, J = 8.4 Hz, 6.0 

Hz, 2H), 2.42–2.32 (m, 4H), 2.12–2.01 (m, 4H), 1.48–1.36 (m, 

24H), 0.94 (t, J = 6.8 Hz, 12H); 13C NMR (100 MHz, TCE-d2): 

164.1, 164.0, 163.70, 163.66, 149.4, 143.1, 140.0, 136.7, 134.1, 

134.0, 133.8, 132.1, 131.3, 131.2, 129.4, 128.7, 128.1, 127.0, 

124.9, 124.5, 124.0, 123.9, 123.1, 122.83, 122.77, 116.1, 55.4, 

55.3, 32.79, 32.75, 31.9 26.9, 26.8, 22.5, 13.9; IR (KBr)  = 

1690.4, 1655.0 cm−1 (C=O); MP: 267.8–269.8 °C; HRMS (EI) 

m/z calcd for C48H53BrN2O4S: [M]+ 833.2988. Found: 833.2999. 

 

[2,2′]Bi[peryleno[2,1-b]thienyl]-N,N′,N′′,N′′′-tetrakis(1-

pentylhexyl)-6,6′,7,7′,12,12′,13,13′-tetraimide (dPTIa) 

Hexamethylditin (16 mg, 0.049mmol) was added into a solution 

of Br-PTIa (84 mg, 0.101 mmol), and Pd(PPh3)4, (5.4 mg, 0.0045 

mmol, 18 mg) in 3 mL of toluene. The solution was heated at 95 

°C for 18 h. After cooling to room temperature, the mixture was 

evaporated under vacuum, and the residue was purified by 

column chromatography (SiO2, toluene/chloroform = 3/1) to 

afford dPTIa as a dark green solid (33 mg, 44%); 1H NMR (400 

MHz, CDCl3): 8.93 (s, 4H), 8.83 (d, J = 8.0 Hz, 2H), 8.81 (s, 

2H), 8.78 (d, J = 8.0 Hz, 2H), 8.72 (d, J = 8.0 Hz, 2H), 8.69 (d, 

J = 8.0 Hz, 2H), 5.35 (tt, J = 8.4 Hz, 6.0 Hz, 2H), 5.27 (tt, J = 8.4 

Hz, 6.0 Hz, 2H), 2.44–2.27 (m, 8H), 2.08–1.89 (m, 8H), 1.43–

1.25 (m, 48H), 0.89 (t, J = 6.8 Hz, 12H), 0.85 (t, J = 6.8 Hz, 

12H); 13C NMR (100 MHz, TCE-d2): 164.4, 164.1, 163.84, 

163.75, 146.2, 146.1, 138.9, 135.2, 134.9, 134.4, 131.7, 131.6, 

131.3, 130.6, 129.6, 128.7, 127.3, 126.1, 125.7, 124.2, 124.1, 

123.7, 123.3, 123.0, 122.7, 116.3, 55.7, 55.3, 32.7, 31.9, 26.9, 

26.8, 22.6, 13.9; MP: >350 °C; IR (KBr):  = 1690.5, 1643.3 cm–

1 (C=O); HRMS (EI) m/z calcd for C48H54N2O4S2: [M]+ 

1507.7566. Found: 1507.7580. 

 

[2,2′]Bi[peryleno[1,2-b]thienyl]-N,N′,N′′,N′′′-tetrakis(1-

pentylhexyl)-4,4′,5,5′,10,10′,11,11′-tetraimide (dPTIb) 

A similar procedure to the synthesis of dPTIa with Br-PTIb 

afforded the title compound as a dark red solid in 45% isolated 

yield: 1H NMR (400 MHz, TCE-d2): 9.78 (s, 2H), 9.31 (d, J = 

8.0 Hz, 2H), 9.00 (d, J = 8.0 Hz, 2H), 8.88 (d, J = 8.0 Hz, 2H), 

8.82 (d, J = 8.0 Hz, 2H), 8.77 (d, J = 8.0 Hz, 2H), 8.76 (d, J = 

8.0 Hz, 2H), 5.40 (tt, J = 8.8 Hz, 6.0 Hz, 2H), 5.28 (tt, J = 8.4 

Hz, 6.0 Hz, 2H), 2.49–2.31 (m, 8H), 2.17–1.99 (m, 8H), 1.43–

1.35 (m, 48H), 0.96 (t, J = 6.8 Hz, 12H), 0.95 (t, J = 6.8 Hz, 

12H); 13C NMR (100 MHz, TCE-d2):164.4, 164.1, 163.5, 163.4, 

143.7, 143.0, 138.9, 135.6, 134.2, 133.9, 133.5, 131.3, 131.1, 

129.4, 128.4, 127.1, 127.0, 125.9, 125.2, 124.1, 124.00, 123.96, 

122.9, 122.8, 117.6, 99.9, 55.7, 55.3, 32.9, 32.8, 32.0, 31.9, 27.1, 

26.8, 22.7, 22.6, 14.0, 13.9; IR (KBr)  = 1695.5, 1651.1 cm−1 

(C=O); MP: >350 °C; HRMS (EI) m/z calcd for C48H54N2O4S2: 

[M]+ 1507.7566. Found: 1507.7556. 
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N,N´,N´´,N´´´-Tetrakis(1-pentylhexyl)-2,7-bis(peryleno[2,1-

b]thiophen-2-yl)-4,4,9,9-tetrakis(4-hexylphenyl)-s-

indaceno[1,2-b:5,6-b´]dithiophene-

6´,6´´,7´,7´´,12´,12´´,13´,13´´-octacarboxytetraimide (IDT-

PTIa) 

A mixture of 2,7-bis(trimethylstannyl)-4,4,9,9-tetrakis(4-

hexylphenyl)-s-indaceno[1,2-b:5,6-b´]dithiophene (100 mg, 

0.0811 mmol), Br-PTIa (140 mg, 0.168 mmol), Pd(PPh3)4 (14 

mg, 0.012 mmol), copper(I) iodide (2.5 mg, 0.0130 mmol), and 

toluene (3.5 mL) was heated to 95 °C. After cooling to room 

temperature, the mixture was evaporated under vacuum, and the 

residue was purified by column chromatography (SiO2, 

dichloromethane/hexane = 1/1) to afford IDT-PTIa as a black 

solid (150 mg, 77%); 1H NMR (400 MHz, CDCl3): δ 8.81 (d, J 

= 8.0 Hz, 2H), 8.79 (d, J = 8.0 Hz, 2H), 8.75 (d, J = 8.0 Hz, 2H), 

8.73 (d, J = 8.0 Hz, 2H), 8.66 (d, J = 8.0 Hz, 2H), 8.64 (d, J = 

8.0 Hz, 2H), 7.57 (s, 2H), 7.56 (s, 2H), 7.24 (d, J = 8.4 Hz, 8H), 

7.14 (d, J = 8.4 Hz, 8H), 5.31–5.20 (m, 4H), 2.61 (t, J = 8.4 Hz, 

8H), 2.38–2.37 (m, 8H), 2.00–1.84 (m, 8H), 1.64 (quin, J = 8.4 

Hz, 8H), 1.43–1.21 (m, 72H), 0.89–0.82(m, 36H); 13C NMR 

(100 MHz, TCE-d2):164.5, 164.2, 164.03, 163.95, 158.4, 148.2, 

146.1, 144.3, 142.1, 141.1, 139.7, 139.5, 135.8, 135.7, 134.8, 

134.6, 131.4, 131.3, 130.8, 129.7, 128.74, 128.68, 128.1, 127.9, 

127.8, 126.8, 125.7, 124.0, 123.9, 123.4, 123.0, 122.6, 118.2, 

117.5, 116.0, 99.9, 63.8, 55.5, 55.1, 35.6, 32.78, 32.75, 31.9, 

31.8, 31.0, 29.7, 29.2, 26.80, 26.77, 22.53, 13.9; IR (KBr)  = 

1691.6, 1643.3 cm−1 (C=O); MP: >350 °C; HRMS (FD) m/z 

calcd for C160H178N4O8S4: [M]+ 2411.25275. Found: 

2411.24715. 

 

N,N´,N´´,N´´´-Tetrakis(1-pentylhexyl)-2,7-bis(peryleno[1,2-

b]thiophen-2-yl)-4,4,9,9-tetrakis(4-hexylphenyl)-s-

indaceno[1,2-b:5,6-b´]dithiophene-

4´,4´´,5´,5´´,10´,10´´,11´,11´´-octacarboxytetraimide (IDT-

PTIb) 

A similar procedure to the synthesis of IDT-PTIa with Br-PTIb 

afforded the title compound as a purple solid in 73% isolated 

yield: 1H NMR (400 MHz, CDCl3): δ 9.27 (s, 2H), 9.12 (d, J = 

8.0 Hz, 2H), 8.83 (d, J = 8.0 Hz, 2H), 8.80 (d, J = 8.0 Hz, 2H), 

8.74 (d, J = 8.0 Hz, 2H), 8.69 (d, J = 8.0 Hz, 2H), 8.68 (d, J = 

8.0 Hz, 2H), 7.63 (s, 2H), 7.56 (s, 2H), 7.27 (d, J = 8.4 Hz, 8H) , 

7.16 (d, J = 8.4 Hz, 8H), 5.32–5.20 (m, 4H), 2.62 (t, J = 8.4 Hz, 

8H), 2.36–2.24 (m, 8H), 1.97–1.84 (m, 8H), 1.65 (quin, J = 8.4 

Hz, 8H), 1.43–1.21 (m, 72H), 0.89–0.82 (m, 36H); 13C NMR 

(100 MHz, TCE-d2): 164.4, 164.2, 164.0, 163.9, 158.3, 154.9, 

145.6, 144.9, 142.1, 141.1, 138.9, 138.8, 135.7, 134.8, 134.7, 

133.8, 131.4, 131.2, 129.5, 129.1, 128.8, 128.7, 128.2, 127.3, 

127.0, 124.8, 124.1, 123.9, 123.8, 123.7, 122.9, 12.4, 120.4, 

118.3, 116.0, 99.9, 63.8, 55.3, 55.2, 35.7, 32.9, 32.8, 31.9, 31.8, 

31.0, 29.2, 26.9, 26.8, 22.6, 13.9; IR (KBr)  = 1699.5, 1651.0 

cm−1 (C=O); MP: >350 °C; HRMS (FD) m/z calcd for 

C160H178N4O8S4: [M]+ 2411.25275. Found: 2411.25975. 

 

Measurement of physicochemical properties 

UV-vis absorption spectra were measured on a Shimadzu 

UV-3600 spectrometer in chloroform solution (concentration: 

10−5–10−4 M). Fluorescence spectra were obtained with absolute 

PL quantum yield spectrometer C11347 (Hamamatsu Photonics) 

in chloroform solution (concentration: 10−6–10−5 M). Cyclic 

voltammograms (CVs) were recorded on an ALS 

Electrochemical Analyzer Model 612D in benzonitrile 

containing tetrabutylammonium hexafluorophosphate 

(Bu4NPF6, 0.1 M) as supporting electrolyte at a scan rate of 100 

mV s−1. Counter and working electrodes were made of Pt. All the 

potentials were calibrated with the standard 

ferrocene/ferrocenium redox couple (Fc/Fc+: E1/2 = +0.47 V). 

 

Theoretical calculations 

Geometry optimizations and normal mode calculations of 

isolated molecules were performed at the B3LYP/6-31G* level 

using the Gaussian 09 program package. 44  All the model 

compounds have methyl groups at their imide moieties to 

simplify the calculations. 
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