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Rational Design of Diketopyrrolopyrrole-based Oligomers with 

Deep HOMO Level and Tunable Liquid Crystal Behavior by 

Modulating the Sequence and Strength of Donor Moiety 

Jin-Liang Wang,* Zheng-Feng Chang, Xiao-Xin Song, Kai-Kai Liu, Ling-Min Jing 

A family of narrow-band gap π-conjugated oligomers and isomers based on diketopyrrolopyrrole and 

difluorobenzothiadiazole coupled with oligothiophene or thiazole ring have been successfully synthesized. They exhibited 

intensive absorption bands (300～900 nm) and deep-lying HOMO energy levels (-5.41～-5.60 eV) due to donor-acceptor 

interaction and multiple fluorine substituents. The sequence and intensity of electron donor moiety play an important role 

in determining bulk molecular properties, such as the photophysical properties, the HOMO/LUMO energy levels and 

mesomorphic properties. Compared with isomer DTFB2T, D2TFBT with two n-hexyl-substituted thiophene as the terminal 

groups exhibited good liquid crystal behavior with Smectic phase when cooled from 180 oC, and it generated a large area 

of the liquid-crystalline phase at about 100 oC. However, we did not observe such behaviors in DTFB2T due to the different 

sequence of moiety. 

 

Introduction 

Solution-processed organic solar cells (OSCs) with π-
conjugated polymer or oligomers as donor have attracted 
considerable attention as an effective technology for using 
sunlight because of their advantages such as light weight, 
flexibility, and low cost.1-8 Recently, solution-processed 
narrow-band gap oligomers have gained increasing research 
interest because of their unique advantages, such as simple 
purification, monodisperse structures, no end-group 
contaminants, and reduced  batch-to-batch variability 
compared to polymer materials.9-20 The functional oligomers 
have been widely used in organic electronic devices, such as 
organic photovoltaics (OPV) and organic field-effect 
transistors(OFET).21-34 Meanwhile, the thermal-reversible π-
conjugated polymer or oligomers in liquid-crystal (LC) for high 
degrees of order and extensive π-orbital overlap lead to high 
intrachain charge-carrier mobilities.35 

Diketopyrrolopyrrole (DPP), with two fused electron-
deficient lactams, is a typical strong acceptor chromophore 
with high molar extinction coefficient. Thus it has been widely 
investigated in oligomers organic solar cells with high short  

circuit current density.36-41 However, open circuit voltage of  
devices from these compounds is usually low due to elevation 
of the HOMO energy level of the donor with DPP units, which 
is the great challenge for DPP-based oligomers to further 
improve performance of device. Indeed, it is well known that 
the HOMO levels and the LUMO levels are important for 
organic photovoltaics materials. Consequently, a careful choice 
of donor and acceptor subunits and their sequence in 
synthesis of π-conjugated oligomers with intriguing molecular 
properties such as deep energy level is highly desirable and 
worthy of in-depth investigation. 

 

 
Chart 1. Structures of  π-conjugated oligomers DTFBT, DTFBTz, 

DTFB2T and D2TFBT. 

 

Herein, we describe the design, and synthesis a series of π-

conjugated oligomers based on D2-A2-D1-A1-D1-A2-D2 molecular 

skeletons, as shown in Chart 1. All of the target molecules have 

a DPP-based core as the central stronger acceptor unit (A1), 

two oligomeric thiophene as the donor (D1), with two 

difluorobenzothiadiazole as the weaker acceptor (A2), and two 

oligomeric thiophene or thiazole as the terminal groups (D2). 
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We focus our studies on evaluating how structural variations 

affect molecular properties in two aspects: (1) variation of 

ability of terminal electron-donor groups through replacing the 

two thiophenes by two thiazoles to control the molecular 

energy levels, optical properties; (2) variation of the length

 
Figure 1. Synthesis of these π-conjugated oligomers DTFBT, DTFBTz, DTFB2T and D2TFBT. 

 

of π-bridge unit between two acceptor chromophores by 

exchanging difluorobenzothiadiazole and thiophene positions 

to change the light-harvesting ability, phase-transition 

properties, and the HOMO/LUMO energy level. Such tunable 

absorption bands and energy levels might bring insight into the 

synthesis of diketopyrrolopyrrole-based oligomers for organic 

electronic devices. 

Results and Discussion 

The synthetic routes to these DPP-based oligomers are shown 

in Figure 1. The monobromide intermediate 2 was prepared 

through the Stille coupling reactions by tributyl(5-

hexylthiophen-2-yl)stannane42 and 4,7-dibromo-5,6- 

difluorobenzo[c][1,2,5]thiadiazole (1)43  in 51% isolated yield. 

Similarly, 3 was afforded by 2-hexyl-5-

(tributylstannyl)thiazole44 and 1  in 48% isolated yield. Then 4
45 

can be lithiated by LDA followed by quenching with 

trimethyltin chloride to afford ditin reagent 5 that was directly 

used in the next step without any further purification. DTFBT 

was obtained through two-fold Stille coupling reaction 

between the ditin reagent 5 and monobromide 2 as dark solid 

in 86% isolated yield. Similarly, DTFBTz was synthesized 

between 5 and 3 as dark solid in 76% isolated yield. Moreover, 

DTFB2T with two n-hexyl-substituted bithiophene as the 

terminal groups was obtained between 5 and 6
46 as dark solid 

in 73% isolated yield. 7 was prepared by a Stille coupling 

reaction between 2 and 2-tributyltinthiophene in 90% isolated 

yield. Treatment of 7 with LDA followed by trimethyltin 

chloride and recrystallized from methanol and chloroform to 

afford the target product 8 as red solid in 95% isolated yield. 

Finally, D2TFBT with two n-hexyl-substituted thiophene as the 

terminal groups was obtained between 8 and 945 as dark solid 

in 66% isolated yield. All compounds were purified by silica gel 

column chromatography, and their structures and purity were 

verified by 1H and 13C NMR, elemental analysis, and 

ESI/MALDI-TOF MS. 

The absorption spectra of these π-conjugated oligomers 

both in diluted chloroform solutions and in thin films obtained 

by spin-coating were recorded in Figure 2. All oligomers 

showed two distinct absorption bands (Band I: 300-550 nm; 

Band II: 550-900 nm) in solution and solid state due to π-π* 

transition of conjugated backbone for Band I and the 

intramolecular charge transfer (ICT) between molecular donor 

and acceptor unit Band II. In solution, very interestingly, 

although the λmax of DTFBTz in Band II region is nearly identical 

to that of DTFBT, introduction of nitrogen atoms in DTFBTz 

exhibited a noticeable blue-shift by ca. 8 nm at λmax in Band I 

region and obvious increases of the molar extinction 

coefficient values both Band I and II in comparison with DTFBT. 

Moreover, DTFB2T with bithiophene ring as the terminal 

donor group display the λmax at 475 nm and 650 nm along with 

an obvious increase of absorbance intensity, which showed 

red-shift of 26 nm, and 18 nm in comparison with DTFBT due 

to  increase of the effective conjugation length, respectively. 

As compared with DTFB2T, the maximum   absorption peaks 

(λmax) of D2TFBT were located at about 466 nm and 630 nm 

and caused dramatically blue shift by ca. 9 and 20 nm, 

respectively. Obviously, such spectra differences in solution 
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are because of the structure variations between D2TFBT and 

DTFB2T, in which difluorobenzothiadiazole and one thiophene 

unit exchanged their positions. It is probably that D2TFBT have 

weaker interaction between the DPP and 

difluorobenzothiadiazole by longer thiophene spacer, which 

also reduced intensity of intramolecular charge transfer (ICT) 

between the donor and acceptor groups. Moreover, compared 

with D2TFBT and DTFB2T with bithiophene spacer, somewhat 

better resolved vibronic structure near the wavelength of 

maximum absorption are shown in DTFBTz and DTFBT, which 

might be attributed to the increase of molecular rigidity and 

planarity through the fluorine-sulfur or fluorine-hydrogen 

interactions between benzothiadiazole and single thiophene 

ring.47-49 

 

 
Figure 2. The absorption spectra of π-conjugated oligomers (a) 

in chloroform solutions (2×10-6 M) and (b) in the thin films. 

 

 
Figure 3. Cyclic voltammogram of π-conjugated oligomers 

films on Pt electrode in 0.1 M Bu4NPF6 in CH3CN solution. 

 

  In contrast, the absorption spectra of these π-conjugated 

oligomers in thin films are obvious red-shifted with shoulder 

features in comparison with those of in diluted solution. For 

example, compared with those absorption maximum in 

solutions,  DTFBTz and DTFBT showed red-shift of ca. 46 nm 

and 48 nm, respectively, whereas the thin film of DTFB2T 

displays the largest red-shift of 62 nm on the maximum 

absorption peak  (λmax) and exhibits most obvious 0-0 

vibrational peak (shoulder peaks) relative to those of solutions 

among these three materials. Such features are attributed to a 

more planar conjugated backbone and J-aggregation (slipped) 

in the solid state.50 Therefore, a higher π-electron 

delocalization through the whole molecular backbone and 

enhanced interchromophore interactions is expected, which 

could be beneficial to light-harvesting process. However, 

compared to the diluted solution, it is noted that D2TFBT 
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exhibited a slight blue-shift of λmax peak in Band II region with a 

concomitant less intense peak at longer wavelengths in the 

solid state. These changes implied that the intermolecular 

aggregation of D2TFBT might be suppressed in films.51 

Moreover, compared with DTFB2T, λmax peak of D2TFBT 

showed dramatically blue-shift of ca. 86 nm in solid state, 

which indicated that D2TFBT has weaker intermolecular 

interactions than DTFB2T due to the formation of different 

types of staking. From the onset of absorption, the optical 

band gap of thin films were estimated to be 1.52 eV for DTFBT, 

1.51 eV for DTFBTz, 1.46 eV for DTFB2T, and 1.48 eV for 

D2TFBT, respectively. Moreover, these oligomers were 

nonluminescent in thin films due to efficient interchain 

interaction and feature of intramolecular charge transfer in 

the solid state. It is clear that DTFB2T has the relative broad 

absorption among these materials in thin films and that is 

preferable to donor materials of organic solar cells. 

In order to get insight into the relationship between the 

chemical structures and the electrochemical properties of the 

desired materials, the cyclic voltammetry (CV) experiments of 

these materials in thin films were conducted. The CV curves of 

these oligomers showed one quasi-reversible p-doping process 

and n-doping process (Figure 3). The HOMO and LUMO levels 

are -5.53 eV/-3.71 eV for DTFBT, -5.60 eV/-3.80 eV for DTFBTz, 

-5.48 eV/-3.72 eV for DTFB2T, and -5.43 eV/-3.59 eV for 

D2TFBT, respectively, according to the following equation of 

EHOMO = -e(Eox+4.80) (eV) and ELUMO = -e(Ered+4.80) (eV). DTFBTz 

showed markedly deeper HOMO and LUMO energy levels (ΔE 

= 0.07 and 0.09 eV) relative to that of DTFBT as a consequence 

of replacing thiophene ring by thiazole ring on the terminal 

units to enhance the electron-deficient property.52 

Introduction of the extra thiophene units on the terminal units 

caused slightly increase in the HOMO energy levels of DFB2T 

with respect to the DTFBT due to enhancing the donor ability 

by thiophene units. In the contrast, D2TFBT with bithiophene 

spacer between DPP and difluorobenzothiadiazole exhibited 

obviously higher HOMO/LUMO energy levels, particular for 

LUMO, compared with that of isomer of DTFB2T due to 

enhancing the donor ability by thiophene units, which is also 

supported by theoretical calculations as discussed below. The 

electrochemical band gaps (Eg(cv)) albeit slightly larger than the 

corresponding optical band gaps (Eg(opt)) because of somewhat 

different measured states. 

To further understand the influence of exchanging 

difluorobenzothiadiazole and one thiophene unit on both the 

backbone conformation and molecular properties of two 

isomers DTFB2T and D2TFBT, the geometries and the 

respective frontier orbital distributions of two isomers were 

optimized with DFT B3LYP/6-31G(d) method. In the DFT 

calculations the side-chains on the DPP and terminal groups 

were replaced by menthyl group to improve 

computational efficiency. Although two materials exhibited a 

good planar structure for π-conjugation, there are subtle 

different in dihedral angles among the moieties. For D2TFBT, 

four dihedral angles from cientral DPP to the end of thienyl 

unit are 5, 6, 0, 2o, respectively, whereas these angles are 7, 3, 

2, 10o for DTFB2T (see Figure S1). Such difference may affect 

molecular packing structure in the solid state, and then 

influence their molecular properties. The HOMO and LUMO of 

DTFB2T is almost delocalized along the entire backbone except 

to the terminal thienyl unit(see Figure 4), In contrast for 

D2TFBT, a much stronger localization of HOMO around the 

central bithiophene functionalized DPP core and much better  

delocalization of LUMO are observed. Such difference may 

cause the obviously higher calculated LUMO/HOMO energy 

levels of D2TFBT, which is consistent with the CV results. 
The thermal property of these oligomers was investigated 

by thermogravimetric analysis (TGA) (Figure 5). Under N2 
atmosphere, the onset temperature with 5% weight-loss was 
at about 404 oC for DTFBT, 382 oC for DTFBTz, 411 oC for 
DTFB2T, 408 oC for D2TFBT, respectively, which indicated that 
the thermal stability of these molecules is adequate for 
application in organic solar cells. We further investigated 
phase-transition properties of isomers DTFB2T and D2TFBT by 
differential scanning calorimetry (DSC) (Figure 6). D2TFBT displayed 
a sharp endothermic peak at ca. 198 oC and a sharp exothermic 
peak at 191 oC in the second heating-cooling cycle, which is 
attributed to melting and crystallizing phase transition. Moreover, a 
pair of weaker thermal transition at around 130 oC was also 
observed for D2TFBT, which might originate from mesophase 
transitions.  In comparison, DTFB2T only exhibited a higher 
temperature of melting/crystallizing phase transition at about 207 

oC/202 oC. These results indicated that the isomer DTFB2T has 
stronger intermolecular interaction than D2TFBT. 

 

Table 1. Photophysical and electrochemical properties of these π-conjugated oligomers in solutions and in thin films. 
ameasured relative to a Fc/Fc+ redox couple as an external reference. bestimated from the onset of  thin-film absorption. 

Compd λmaxabs. 
(sol) (nm) 

λmaxabs. 
(film) (nm) 

Eox(onset)
a 

(V) 
Ered(onset)

 a 
(V) 

EHOMO 
(eV) 

ELUMO 
(eV) 

Eg(cv) 

(eV) 
Eg(opt)

b
 

(eV) 

DTFBT 449, 632 478,680,767(sh) 0.73 -1.09 -5.53 -3.71 1.82 1.52 
DTFBTz 441, 633 465,679,759(sh) 0.80 -1.00 -5.60 -3.80 1.80 1.51 

DTFB2T 475, 650 504,712,791(sh) 0.68 -1.08 -5.48 -3.72 1.76 1.46 
D2TFBT 466, 630 482,626,763(sh) 0.63 -1.21 -5.43 -3.59 1.84 1.48 
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Figure 4. Comparison of HOMO and LUMO orbital surfaces, 

calculated energy levels of two isomers using DFT method. 

 

From the above study, it indicated that the D2TFBT has two 

phase-transition temperatures. Therefore, we assume that the 

DTBFT possesses the liquid crystal properties. The LC 

properties were investigated by Optical Polarizing Microscopy 

(OPM) and X-Ray Diffraction (XRD) studies. The POM textures 

of the compound DTFB2T and D2TFBT, are shown in Figure 7. 

An enantiotropic optical anisotropy with a schlieren-like 

structure of D2TFBT emerges when cooled about 180 oC, 

suggesting the nature of the liquid-crystalline phase. And it 

generated a large area of the liquid-crystalline phase about 

100 oC and the sample is very fluid. Finally, this texture was 

still observed at low temperatures, supporting a liquid crystal 

glass. However, we did not observe such behaviours in DTFB2T. 

 

Figure 5. Thermogravimetric analysis (TGA) of DTFBT, DTFBTz, 

DTFB2T and D2TFBT with a heating rate of 10 oC/min under N2 

atmosphere. 

 

 
Figure 6. The second heating and cooling DSC curves of 

isomers DTFB2T and D2TFBT at a heating and cooling rate of 

10 oC min‒1 under N2. 

 

 

Figure 7. (a) POM image of D2TFBT at 180 oC. (b) POM image 

at 100 oC. (c) POM image of DTFB2T at 180 oC. (d) POM image 

at  100 oC. 

 

In order to further exploration phase structures of D2TFBT, 

variable-temperature X-ray diffraction (XRD) was measured, as 

shown in Figure 8  and Figure S2 (4o-30o (2θ)). For (a), when 

the temperature reached 220 oC, there was not any reflections 

peaks due to the isotropic liquid. However, for (b), the 

temperature was cooling to 180 oC from isotropic liquid, a few 

distinct peaks was observed in small-angle regime. For 

example, a sharp reflection at 2θ of 5.5o is appeared due to the 

long-range intermolecular ordered pile, which is typical 

pattern for a Smectic (Sm) liquid crystal phase.53 By quenching 

the sample to 100 oC from the Sm phase, it formed a glass 

state and showed a obvious XRD pattern in figure 8 (c) that the 

diffractions still exists. Moreover, the molecular schlieren in 

the liquid crystal phase were also well maintained in the solid 

state. This shows that the D2TFBT may be a good material of 

liquid crystals. However, the DTFB2T didn’t appear obvious 

diffractions in XRD (Figure S2). There were not any reflections 

peaks at 220 oC. While the temperature was cooling to 180 oC 
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and 100 oC, it still not appeared any diffraction peak. That is to 

say that the DTFB2T don’t have liquid crystals properties. The 

possible reason is that introduction the thiophene unit 

between the DPP and difluorobenzothiadiazole leads to a 

further bend into the molecular structure, which could change 

the molecular assembly and mesomorphic properties in the 

solid states.54-57 These results can direct us to design and 

synthesis with the materials of liquid crystal properties by 

modulating the sequence of building blocks. 

 

 
Figure 8. XRD patterns of D2TFBT (a) at 220 oC, (b) at 180 oC, (c) 

at 100 oC. The peak at about 7o denotes reflection from the 

peak of background. 

Conclusions 

In conclusion, a family of DPP-based, conjugated oligomers 

with difluorobenzothiadiazole as the second accepting unit 

have been synthesized. These oligomers showed a broad and 

strong absorption band (300～900 nm) and low-lying HOMO 

energy levels (-5.41～-5.60 eV) due to D-A interaction and 

multiple fluorine substituents. In combination with theoretical 

calculations, we have revealed that how large impacts on the 

photophysical and electrochemical properties, and liquid 

crystal properties by increasing or decreasing the ability of 

electron-donor groups and exchanging the moiety sequence in 

these materials. As compared with the isomer D2TFBT, 

DTFB2T with bithiophene as terminal group displays a higher 

melting point, dramatically red-shifted absorption spectra, and 

an obviously low-lying HOMO and LUMO. These results make 

these oligomers as promising candidate for the design of new 

organic electronic materials. 

Experimental Section 

General Procedures. All air and water sensitive reactions were 

performed under nitrogen atmosphere. Tetrahydrofuran (THF) 

was dried over Na/benzophenone ketyl and freshly distilled 

prior to use. Diisopropylamine was distilled from potassium 

hydroxide prior to use. The other materials were of the 

common commercial level and used as received. Thin layer 

chromatography (TLC) was conducted on flexible sheets 

precoated with SiO2 and the separated products were 

visualized by UV light. Column chromatography was conducted 

using SiO2 (300 mesh) from Fisher Scientific. 1H and 13C NMR 

spectra were recorded on a Bruker ARX-400 (400 MHz) or ARX-

500 (500 MHz) spectrometer. All chemical shifts were reported 

in parts per million (ppm). 1H NMR chemical shifts were 

referenced to TMS (0 ppm) or CHCl3 (7.26 ppm), and 13C NMR 

chemical shifts were referenced to CDCl3 (77.23 ppm). MALDI-

TOF-MS was recorded on a Bruker BIFLEX III mass 

spectrometer. Thermal gravity analyses (TGA) were carried out 

on a TA Instrument Q600 analyzer and differential scanning 

calorimetry analyses (DSC) were performed on a METTLER 

TOLEDO Instrument DSC822 calorimeter. Elemental analyses 

were performed using a German Vario EL III elemental 

analyzer. Absorption spectra were recorded on PerkinElmer 

Lambda 750 UV-vis spectrometer. Cyclic voltammetry (CV) was 

performed on BASI Epsilon workstation. Glassy carbon 

electrode was used as a working electrode and a platinum wire 

as a counter electrode, These films were drop-cast on a glass 

carbon working electrode from THF at a concentration of 5 

mg/mL. Measurements were carried out at a scan rate of 50 

mV/s in CH3CN containing 0.1 M n-Bu4NPF6 as the supporting 

electrolyte. All potentials were recorded versus Ag/AgCl 

reference electrode and calibrated with the redox couple of 

Fc/Fc+ under the same experimental conditions. The density 

functional theory (DFT) calculations of these molecules on 

their electronic states are performed using the Gaussian 09 

program. The long alkyl chains were replaced by methyl groups 
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for simplicity. The polarizing optical microscopy (POM) study 

was carried out on a Nikon optical polarizing microscope 

equipped with a Mettler Toledo FP900 hot stage. Each 

powder-like sample was placed on a glass slide and covered 

with another glass cover slip. The phase composition and 

purity of the as-prepared samples were analyzed by powder X-

ray diffraction (XRD) with Cu Kα (λ= 1.54178 Å) incident 

radiation using a Shimadzu XRD-6000 at 40 kV voltage and 50 

mA current. The scanning range and step of XRD pattern were 

1 o-30 o (2θ), 10 o min−1 and 5 oC min-1, respectively. 

Synthesis of 2: In a 100 mL two-neck round-bottom flask,  

tributyl(5-hexylthiophen-2-yl)stannane (1.35 g, 3.00 mmol), 

4,7-dibromo-5,6-difluorobenzo[c][1,2,5]thiadiazole (1)  (1.0 g, 

3.05 mmol) and Pd2(dba)3 (0.13 g, 0.15 mmol), tri(o-

tolyl)phosphine (0.18 g, 0.60 mmol) was added. The flask was 

evacuated and back-filled with N2 three times, and then 

degassed toluene (60 mL) was injected into the mixture. The 

resulting solution was stirred at room temperature for 12 h 

under the N2 atmosphere. The solvents were then removed 

under reduced pressure. The dark residue was purified by silica 

gel chromatography, eluting with petroleum ether (PE)-CH2Cl2 

(40:1) to give yellow solid (0.65 g, 51%). 1H NMR (CDCl3, 400 

MHz, ppm): δ 8.07-8.06 (d, J = 3.6 Hz, 1H, Th-H), 6.93-6.92 (d, J 

= 3.6 Hz, 1H, Th-H), 2.92-2.88 (t, J = 7.6 Hz, 2H, CH2), 1.79-1.72 

(m, 2H, CH2), 1.44-1.32 (m, 6H, CH2), 0.92-0.88 (t, J = 6.8 Hz, 

3H, CH3). 13C NMR (CDCl3, 100 MHz, ppm): δ (153.9, 153.7, 

151.4, 151.2, dd, 1JCF = 255 Hz, 2JCF = 20 Hz), (151.05, 150.98, d, 

4
JCF = 7 Hz), (150.3, 150.1, 147.7, 147.5, dd, 1

JCF = 260 Hz, 2
JCF = 

19.1 Hz), (150.1, 150.0, d, 4
JCF = 6 Hz), (148.1, 148.0, d, 3

JCF = 8 

Hz), (131.84, 131.75, d, 3
JCF = 9 Hz), (128.41, 128.38, 128.35, 

128.32, dd, 3
JCF = 6 Hz, 4

JCF = 3 Hz), 125.1, (113.9, 113.8, d, 2
JCF 

= 11 Hz), (96.4, 96.2, d, 2
JCF = 22 Hz), 31.8, 31.7, 30.3, 29.1, 

22.8, 14.3. HR-ESI-MS (m/z): calcd for C16H15BrF2N2S2: 

415.9828 (100%). Found: 415.9828 (M+, 100%). 

Synthesis of 3: In a 100 mL two-neck round-bottom flask, 2-

hexyl-5-(tributylstannyl)thiazole (1.38 g, 3.00 mmol), 4,7-

dibromo-5,6-difluorobenzo[c][1,2,5]thiadiazole (1)  (1.0 g, 3.05 

mmol) and Pd2(dba)3 (0.13 g, 0.15 mmol), tri(o-tolyl) 

phosphine (0.18 g, 0.60 mmol) was added. The flask was 

evacuated and back-filled with N2 three times, and then 

degassed toluene (70 mL) was injected into the mixture. The 

resulting solution was stirred at room temperature for 12 h 

under the N2 atmosphere. The solvents were then removed 

under reduced pressure. The dark residue was purified by silica 

gel chromatography, eluting with PE-CH2Cl2 (1:1) to give 

yellow solid (0.60 g, 48%). 1H NMR (CDCl3, 400 MHz, ppm): δ 

8.77 (s, 1H, Tz-H), 3.12-3.09 (t, J = 7.6 Hz, 2H, CH2), 1.92-1.85 

(m, 2H, CH2), 1.48-1.25 (m, 6H, CH2), 0.92-0.88 (t, J = 6.8 Hz, 

3H, CH3). 13C NMR (CDCl3, 100 MHz, ppm): δ (175.22, 175.18, 

d, 4JCF = 5 Hz), (153.5, 153.3, 151.4, 151.3, dd, 1JCF = 256 Hz, 2JCF 

= 20 Hz), (150.6, 150.4, 148.5, 148.3, dd, 1
JCF = 256 Hz, 2

JCF = 20 

Hz), (150.1, 150.0, d, 4
JCF = 5 Hz), (147.84, 147.77, d, 3

JCF = 9 

Hz), (145.9, 145.8, d, 3JCF = 12 Hz), 125.2, (111.6, 111.4, d, 2JCF = 

13 Hz), (98.2, 98.0, d, 2
JCF = 20 Hz), 33.7, 31.7, 30.1, 29.0, 22.7, 

14.2. HR-ESI-MS (m/z): calcd for C15H14BrF2N3S2: 

416.9781(100%). Found: 417.9857 ([M+H]+, 100%).  

Synthesis of 5: To a solution of lithium diisopropylamide in 

anhydrous THF (10 mL, 1.64 mmol) was added a solution of 4 

(0.40 g, 0.41 mmol) in anhydrous THF (20 mL) dropwise in N2 

atmosphere at −78 ° C. The mixture was s[rred at −78 °C for 1 

h and Me3SnCl (0.24 g, 1.23 mmol) in anhydrous THF (10 mL) 

was added. The mixture solution was warmed up to room 

temperature and stirred for 10 h. The mixture solution was 

quenched with water, and extracted with chloroform. The 

organic extracts were washed with brine and dried over 

anhydrous Na2SO4. After removal of the solvents under the 

reduced pressure, the product was obtained as red oil (0.49 g, 

91%) and used in the next step without any further 

purification. 1H NMR (CDCl3, 400 MHz, ppm): 8.98-8.97 (d, J = 

3.6 Hz, 2H, Th-H), 7.32-7.31 (d, J = 3.6 Hz, 2H, Th-H), 4.05-4.03 

(d, J = 7.6 Hz, 4H, N-CH2), 1.91 (m, 2H, CH), 1.21 (m, 80H, CH2), 

0.89-0.87 (m, 12H, CH3), 0.44 (s, 18H, CH3). 13C NMR (CDCl3, 

100 MHz, ppm): δ 162.0, 146.0, 140.1, 136.3, 136.2, 135.5, 

107.5, 46.4, 38.1, 32.1, 31.6, 30.3, 29.92, 29.88, 29.83, 29.58, 

29.57, 26.6, 22.9, 14.3, -7.9. HR-ESI-MS (m/z): calcd for 

C68H120N2O2S2Sn2: 1298.6829 (100%). Found: 1299.6900 (M+, 

100%). 

Synthesis of 7: In a 100 mL two-neck round-bottom flask, 2 

(0.30 g, 0.72 mmol), 2-tributyltinthiophene (0.19 g, 1.44 

mmol), Pd2(dba)3 (33 mg, 0.036 mmol), tri(o-tolyl)phosphine 

(44 mg, 0.14 mmol) was added. The flask was evacuated and 

back-filled with N2 three times, and then degassed toluene (50 

mL) was injected into the mixture. The resulting solution was 

stirred at room temperature for 12 h under the N2 

atmosphere. The solvents were then removed under reduced 

pressure. The dark residue was purified by silica gel 

chromatography, eluting with PE-CH2Cl2 (30:1) to give yellow 

solid (0.27 g, 90%). 1H NMR (CDCl3, 400 MHz, ppm): δ 8.28-

8.27 (d, J = 3.6 Hz, 1H, Th-H), 8.11-8.10 (d, J = 3.6 Hz, 1H, Th-H), 

7.61-7.60 (d, J = 4.8 Hz, 1H, Th-H), 7.28-7.26 (m, 1H, Th-H), 

6.95-6.94 (d, J = 3.6 Hz, 1H, Th-H), 2.94-2.90 (t, J = 7.6 Hz, 2H, 

CH2), 1.81-1.73 (m, 2H, CH2), 1.44-1.32 (m, 6H, CH2), 0.92-0.89 

(t, J = 6.8 Hz, 3H, CH3). 13C NMR (CDCl3, 100 MHz, ppm): δ 

(151.5, 151.3, 148.9, 148.7, dd, 1
JCF = 257 Hz, 2

JCF = 19 Hz), 

(150.9, 150.7, 148.3, 148.1, dd, 1
JCF = 257 Hz, 2

JCF = 19 Hz), 

(150.37, 150.31, d, 4
JCF = 6 Hz), (149.08, 149.04, 148.99, 

148.94, dd, 3
JCF = 9 Hz, 4

JCF = 4 Hz), (131,9, 131.8, 129.1, 129.0, 

dd, 1
JCF = 277 Hz, 2

JCF = 10 Hz ), (131.34, 131.25, 3
JCF = 9 Hz), 

(131.91, 131.87, 131.85, 131.81, 3
JCF = 6 Hz, 4

JCF = 4 Hz,), 

(131.34, 131.25, 3
JCF = 9 Hz), (130.83, 130.75, 3

JCF = 8 Hz), 

(129.14, 129.11, 129.08, 129.05, 3
JCF = 6 Hz, 4

JCF = 3 Hz), 127.5, 

124.9, (112.3, 112.2, d, 2
JCF = 12 Hz), (111.2, 111.1, d, 2

JCF = 13 

Hz), 31.8, 31.7, 30.3, 29.1, 22.8, 14.3. HR-ESI-MS (m/z): calcd 

for C20H18F2N2S3: 420.0600 (100%). Found: 421.0678 ([M+H]+, 

100%). 

Synthesis of 8: To a solution of 7 (0.21 g, 0.50 mmol) in 

anhydrous THF (50 mL) was added a solution of lithium 

diisopropylamide in THF (10 mL, 1.0 mmol) dropwise in N2 

atmosphere at -78 °C. The mixture was stirred at −78 °C for 1 h 

and Me3SnCl (0.20 g, 1.0 mmol) in anhydrous THF (10 mL) was 

added. The mixture solution was warmed up to room 

temperature and stirred for 10 h. The mixture solution was 

quenched with water, and extracted with chloroform. The 
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organic extracts were washed with brine and dried over 

anhydrous Na2SO4. After removal of the solvent under the 

reduced pressure, the resulting crude product was 

recrystallized from methanol and chloro- form to afford the 

target product as red solid (0.28 g, 95%).1H NMR (CDCl3, 400 

MHz, ppm): δ 8.33-8.32 (d, J = 3.6 Hz, 1H, Th-H), 8.10-8.09 (d, J 

= 3.6 Hz, 1H, Th-H), 7.35-7.34 (d, J = 3.6 Hz, 1H, Th-H), 6.94-

6.93 (d, J = 3.6 Hz, 1H, Th-H), 2.94-2.90 (t, J = 7.6 Hz, 2H, CH2), 

1.81-1.73 (m, 2H, CH2), 1.42-1.33 (m, 6H, CH2), 0.92-0.89 (t, J = 

7.0 Hz, 3H, CH3), 0.52-0.38 (t, J = 28.8 Hz, 9H, Sn(CH3)3). 13C 

NMR (CDCl3, 100 MHz, ppm): δ (151.0, 150.8, 148.5, 148.3, dd, 
1
JCF = 256 Hz, 2

JCF = 19 Hz), (150.2, 150.1, d, 3
JCF = 6 Hz), 

(149.16, 149.07, 149.04, 148.94, dd, 3
JCF = 12 Hz, 4

JCF = 7 Hz), 

(142.57, 142.51, 3
JCF = 6 Hz), (137.32, 137.29, 137.26, 137.23, 

dd, 3JCF = 6 Hz, 4JCF = 3 Hz), 135.53, (131.59, 131.51, 3JCF = 8 Hz), 

(131.18, 131.09, 3
JCF = 9 Hz), (129.26, 129.22, 129.20, 129.16, 

dd, 3JCF = 6 Hz, 4JCF = 4 Hz), 124.9, (112.0, 111.8, d, 2JCF = 12 Hz), 

(111.4, 111.2, d, 2
JCF = 14 Hz), 31.8, 31.7, 30.3, 29.1, 22.8, 14.3, 

-7.9. HR-ESI-MS (m/z): calcd for C23H26F2N2S3Sn: 584.0248 

(100%). Found: 584.0216 (M+, 100%). 

Synthesis of DTFBT: In a 100 mL two-neck round-bottom flask, 

5 (0.13 g, 0.10 mmol), 2 (0.11 g, 0.25 mmol), and Pd2(dba)3 (4.6 

mg, 0.005 mmol), tri(o-tolyl) phosphine (6.1 mg, 0.02 mmol) 

was added. The flask was evacuated and back-filled with N2 

three times, and then degassed toluene (40 mL) was injected 

into the mixture. The resulting solution was stirred at refluxing 

temperature for 12 h under the N2 atmosphere. After being 

cooled to room temperature, the solvents were then removed 

under reduced pressure. The dark residue was purified by silica 

gel chromatography, eluting with PE-CH2Cl2(1:1) to give dark 

solid (0.14 g, 86%). 1H NMR (CDCl3, 400 MHz, ppm): δ 9.26-

9.25 (d, J = 3.6 Hz, 2H, Th-H), 8.28-8.27 (d, J = 3.6 Hz, 2H, Th-H), 

7.99-7.98 (d, J = 3.6 Hz, 2H, Th-H), 6.79-6.78 (d, J = 3.6 Hz, 2H, 

Th-H), 4.12-4.10 (d, J = 7.2 Hz, 4H, N-CH2), 2.79-2.76 (t, J = 7.6 

Hz, 4H, CH2), 2.03 (m, 2H, CH), 1.71-1.67 (m, 4H, CH2), 1.43-

1.20 (m, 92H, CH2), 0.93-0.81 (m, 18H, CH3). 13C NMR (CDCl3, 

100 MHz, ppm): δ 161.3, (151.0, 150.9, 148.5, 148.4, JCF = 250, 

7 Hz), (148.7, 148.6, JCF = 10 Hz), 139.5, 137.0, 136.6, (132.3, 

132.2, JCF = 6 Hz), 131.3, 131.2, 131.1, (129.13, 129.06, JCF = 7 

Hz), 124.8, (112.7, 112.5, JCF = 12 Hz), (109.7, 109.6, JCF = 11 

Hz), 109.2, 47.0, 38.8, 32.19, 32.17, 31.8, 31.6, 31.4, 30.6, 30.2, 

30.1, 30.0, 29.9, 29.69, 29.65, 29.2, 26.6, 22.9, 22.8, 14.31. 

MALDI-TOF MS (m/z): calcd for C94H132F4N6O2S6: 1644.9 

(100%). Found: 1533.8 ([M-C8H17+H]+, 100%), 1555.8 ([M-

C8H17+Na]+, 100%), 1589.9 ([M-C4H9+H]+, 100%), 1612.9 ([M-

C4H9+Na]+, 100%). Elemental Analysis: calcd for 

C94H132F4N6O2S6: C, 68.57; H, 8.08; N, 5.10. Found: C, 68.69; H, 

7.85; N, 5.25. 

Synthesis of DTFBTz: In a 100 mL two-neck round-bottom 

flask, 5 (0.15 g, 0.12 mmol), 3 (0.13 g, 0.29 mmol), and 

Pd2(dba)3 (5.5 mg, 0.006 mmol), tri(o-tolyl) phosphine (3.7 mg, 

0.012 mmol) was added. The flask was evacuated and back-

filled with N2 three times, and then degassed toluene (40 mL) 

was injected into the mixture. The resulting solution was 

stirred at refluxing temperature for 12 h under the N2 

atmosphere. After being cooled to room temperature, the 

solvents were then removed under reduced pressure. The dark 

residue was purified by silica gel chromatography, eluting with 

PE-CH2Cl2(1:2) to give dark solid (0.15 g, 76%). 1H NMR (CDCl3, 

400 MHz, ppm): δ 9.26-9.25 (d, J = 4.0 Hz, 2H, Th-H), 8.64 (s, 

2H, Tz-H), 8.30-8.29 (d, J = 4.0 Hz, 2H, Th-H), 4.10-4.08 (d, J = 

7.2 Hz, 4H, N-CH2), 2.95-2.92 (t, J = 7.6 Hz, 4H, CH2), 2.01 (m, 

2H, CH), 1.82-1.78 (m, 4H, CH2), 1.41-1.19 (m, 92H, CH2), 0.93-

0.80 (m, 18H, CH3). 13C NMR (CDCl3, 125 MHz, ppm): δ (174.93, 

174.89, JCF = 5 Hz), 161.3, (151.4, 151.3, 149.4, 149.2, JCF = 262, 

20 Hz), (150.7, 150.5, 148.6, 148.5, JCF = 262, 20 Hz), (148.41, 

148.33, 148.29, 148.22, JCF = 13.8, 8.8 Hz), (145.5, 145.4, JCF = 

11.3 Hz), 139.6, 136.6, (132.9, 132.8, JCF = 7.5 Hz), (131.9, 

131.8, JCF = 7.5 Hz), (125.74, 125.71, 125.68, 125.65, JCF = 7.5, 

3.8 Hz), (111.04, 110.95, JCF = 11.3 Hz), (110.3, 110.2, JCF = 13.8 

Hz), 109.5, 47.0, 38.8, 33.6, 32.16, 32.14, 31.7, 31.58, 30.6, 

30.01, 29.98, 29.96, 29.94, 29.91, 29.62, 29.60, 29.15, 26.6, 

22.89, 22.88, 22.75, 14.28, 14.25. MALDI-TOF MS (m/z): calcd 

for C92H130F4N8O2S6: 1646.9 (100%). Found: 1647.9 ([M+H]+, 

100%), 1670.9 ([M+Na]+, 100%),. Elemental Analysis: calcd for 

C92H130F4N8O2S6: C, 67.03; H, 7.95; N, 6.80. Found: C, 66.96; H, 

7.97; N, 6.62. 

Synthesis of DTFB2T: In a 100 mL two-neck round-bottom 

flask, 5 (0.14 g, 0.11 mmol), 6 (0.16 g, 0.33 mmol), and 

Pd2(dba)3 (5.0 mg, 0.0055 mmol), tri(o-tolyl) phosphine (6.7 

mg, 0.022 mmol) was added. The flask was evacuated and 

back-filled with N2 three times, and then degassed toluene (40 

mL) was injected into the mixture. The resulting solution was 

stirred at refluxing temperature for 12 h under the N2 

atmosphere. After being cooled to room temperature, the 

solvents were then removed under reduced pressure. The dark 

residue was purified by silica gel chromatography, eluting with 

PE-CH2Cl2 (2:1) to give dark solid (145 mg, 73%). 1H NMR 

(CDCl3, 400 MHz, ppm): δ 9.21-9.20 (d, J = 3.6 Hz, 2H, Th-H), 

8.22-8.21 (d, J = 3.6 Hz, 2H, Th-H), 7.96-7.95 (d, J = 3.6 Hz, 2H, 

Th-H), 6.96-6.95 (d, J = 3.6 Hz, 2H, Th-H), 6.93-6.92 (d, J = 3.6 

Hz, 2H, Th-H), 6.60-6.59 (d, J = 3.6 Hz, 2H, Th-H), 4.03-4.02 (d, J 

= 6.0 Hz, 4H, N-CH2), 2.66-2.64 (m, 4H, CH2), 2.02 (m, 2H, CH), 

1.44-1.20 (m, 96H, CH2), 0.92-0.81 (m, 18H, CH3). 13C NMR 

(CDCl3, 125 MHz, ppm): δ 161.1, (151.7, 151.5, 149.6, 149.4, JCF 

= 263, 20 Hz), (150.4, 150.2, 148.3, 148.1, JCF = 263, 20 Hz), 

(148.48, 148.42, 148.40, 148.35, JCF = 10, 7.5 Hz), 145.3, (142.1, 

142.0, JCF = 8.8 Hz), 139.2, (137.1, 137.0, JCF = 7.5 Hz), 136.5, 

134.4, (132.24, 132.18, JCF = 7.5 Hz), (132.1, 132.0, JCF = 12.5 

Hz), (131.4, 131.3, JCF = 11.3 Hz), (129.80, 129.75, JCF = 6.3 Hz), 

126.2, 124.0, 122.8, (112.2, 112.1, JCF = 11.3 Hz), (109.9, 109.8, 

JCF = 11.3 Hz), 109.0, 46.9, 41.6, 38.9, 34.3, 32.6, 32.22, 32.19, 

31.5, 30.8, 30.14, 30.06, 29.99, 29.70, 29.65, 29.1, 26.5, 25.7, 

23.3, 23.0, 22.9, 14.4, 14.33, 14.31, 11.00. MALDI-TOF MS 

(m/z): calcd for C102H136F4N6O2S8: 1809.8 (100%). Found: 

1626.6 ([M-C13H27]+, 100%), 1648.6 ([M-C13H27+Na]+, 100%), 

1681.7 ([M-C9H19+H]+, 100%). Elemental Analysis: calcd for 

C102H136F4N6O2S8: C, 67.66; H, 7.57; N, 4.64. Found: C, 67.46; H, 

7.48; N, 4.80. 

Synthesis of D2TFBT: In a 100 mL two-neck round-bottom 

flask, 9 (0.11 g, 0.10 mmol), 8 (0.15 mg, 0.25 mmol), and 

Pd2(dba)3 (4.6 mg, 0.005 mmol), tri(o-tolyl) phosphine (6.1 mg, 

0.02 mmol) was added. The flask was evacuated and back-

filled with N2 three times, and then degassed toluene (40 mL) 

Page 8 of 11Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9  

Please do not adjust margins 

Please do not adjust margins 

was injected into the mixture. The resulting solution was 

stirred at refluxing temperature for 12 h under the N2 

atmosphere. After being cooled to room temperature, the 

solvents were then removed under reduced pressure. The dark 

residue was purified by silica gel chromatography, eluting with 

PE-CH2Cl2(1:1) to give dark solid (0.12 g, 66%). 1H NMR (CDCl3, 

400 MHz, ppm): δ 9.01-9.00 (d, J = 4.0 Hz, 2H, Th-H), 8.06-8.05 

(d, J = 4.0 Hz, 2H, Th-H), 7.93-7.92 (d, J = 3.6 Hz, 2H, Th-H), 

7.19-7.18 (d, J = 4.0 Hz, 2H, Th-H), 7.17-7.16 (d, J = 4.0 Hz, 2H, 

Th-H), 6.74-6.73 (d, J = 3.2 Hz, 2H, Th-H), 4.01-3.99 (d, J = 6.8 

Hz, 4H, N-CH2), 2.77-2.74 (t, J = 7.2 Hz, 4H, CH2), 2.00 (m, 2H, 

CH), 1.69-1.66 (m, 4H, CH2), 1.38-1.21 (m, 92H, CH2), 0.93-0.82 

(m, 18H, CH3). MALDI-TOF MS (m/z): calcd for 

C102H136F4N6O2S8: 1809.8 (100%). Found: 1809.9 (M+, 100%), 

1832.9 ([M+Na]+, 100%). Elemental Analysis: calcd for 

C102H136F4N6O2S8: C, 67.66; H, 7.57; N, 4.64. Found: C, 67.36; H, 

7.51; N, 4.54. 
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