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Chapter 1: General Introduction  

 

Organic π-conjugated materials have received much attention in the past decade 

owing to their application to organic electronic devices, such as organic solar cells 

(OSCs), organic field-effect transistors (OFETs), and organic light-emitting diodes 

(OLEDs), which exhibit several advantages including low weight, low cost, high 

flexibility and adjustable electronic states in comparison with inorganic material-based 

devices. [1-5] The development of high-performance organic semiconductors in 

devices, which relies on the synthesis of π-conjugated blocks with proper electronic 

states, is required for the progress of organic electronics. [6] The introduction of a 

heteroatom bridge to aromatic units such as thiophene, pyridine, furan, selenophene, 

and benzene is a promising method to tune the electronic state, as shown in Chart 1.1. 

[7-13] Heteroatom bridges can modify the electronic state not only by electronic effects 

of the heteroatom but also by steric effects enhancing coplanarity of the aromatic units. 

In addition, the introduction of substituents on the heteroatom effectively improves the 

solubility of the compounds in organic solvents. [14]  

 

 
Chart 1.1. Structures of dithiophene-, difuran-, diseleophene-, dibenzene-, and 

dipyridine-based metalloles. 
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Group 14 element-bridged aromatic units have been widely reported. Silole 

(silacyclopentadiene) is known to exhibit lower lowest unoccupied molecular orbital 

(LUMO) and highest occupied molecular orbital (HOMO) energy levels than those of 

the carbon-bridged analogue cyclopentadiene, because of σ*-π* conjugation between 

the silicon σ* orbital and the butadiene π* orbital. [15] In addition, the long Si–C bonds 

keep the side chains away from core structures, permitting strong π-π stacking of the 

silole-containing π-conjugated oligomers and polymers in the solid states, which leads 

to the high carrier-transport properties of the polymer films in OFETs and OSCs. [16, 

17] 

It is well known that germoles possess electronic states similar to those of siloles; 

however, a longer C–Ge bond would lead to stronger molecular packing in comparison 

with siloles. [18] In addition, arylgermanes are more stable towards bases and 

nucleophiles than the corresponding arylsilanes, which is due to the low 

electronegativity of Ge much closer to C than that of Si, reducing the polarization of 

the C–Ge bond. [19] Some germole-containing compounds have been studied including 

dibenzogermole (DBG) [20], dithienogermole (DTG) [21] and dipyridinogermole 

(DPyG) [12], which exhibit different electronic properties along the variation of 

aromatic units, as shown in Chart 1.1. In addition, applications of germole-based π-

conjugated polymers as semiconductors in OSCs and OFETs have been reported with 

decent device performances. [16, 22]  

With the development of small aromatic molecules bearing a heteroatom-bridge, 

their polymerization has been studied to form conjugated polymers for the application 

to organic electronic devices. In particularly, since our group synthesized dithienosilole 

(DTS) and its germanium congener DTG for the first time, DTS and DTG-based 

polymers have been widely reported, because of abovementioned advantages of 

enhanced π-π stacking in the solid states and lower LUMO energy levels relative to 

cyclopentadiene-based analogue polymers. Easy chemical modification of DTS and 

DTG such as lithiation, halogenation and stannylation is also a reason for the fact that 

these units have been extensively employed as the building units for conjugated 
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polymers. [21, 23] In 2008, Tobin J. Marks’s group [24] reported a family of silole-

containing polymers (TS6, TS6T1, TS6T2, BS8, BS8T1 and BS8T2), as shown in 

Figure 1.1 and it was demonstrated that those polymers exhibited promising 

performances as active materials in OFETs. According to the theoretical and optical 

characterization data, it was suggested that silole-based polymers have higher degree 

of π-delocalization than the carbon counterparts. Christoph J. Brabec’s group and our 

groups independently synthesized donor-acceptor (D-A) type polymers (PDTS-BT and 

PDTG-BT) that are composed of DTS/DTG and 2,1,3-benzothiadiazole (BT), which 

exhibited not only OFET performance, but also OSC performance. [19, 21, 25] On the 

other hand, more expanded π-conjugated structures, including silaindacenodithiophene 

(SIDT) [26] and germaindacenodithiophene (GIDT) [27], were also synthesized. These 

ladder-type SIDT- and GIDT-based copolymers generally possess strong intermolecular 

π-π stacking in the solid state and facile electron delocalization and hence have been 

applied in OFETs and OSCs. [28, 29] In particular, PSIDT-BT and PGIDT-BT 

copolymers exhibit higher hole mobility and power conversion efficiency in OTFTs and 

OSCs, respectively, than PDTS-BT and PDTG-BT copolymers.[23, 30] Structures of 

abovementioned polymers are shown in Figure 1.1. 

 

 
Figure 1.1. Structures of the Group 14 element-based π-conjugated polymers. 

 



4 

As derivatives of the electron-donating Group 14 element-bridged bithiophenes, a 

new class of compounds containing thiazole units have been studied as weak electron 

donors. These units can enhance electron-transporting properties when combined with 

electron acceptors, although still some donor-acceptor interaction is observed in the 

copolymers. Besides the advantage of enhanced electron-deficient properties, thiazole-

containing compounds generally show a high degree of coplanarity, which is due to 

intramolecular noncovalent bond interactions such as N‒H or N‒S bond 

interactions.[31] Several thiazole-containing compounds have been reported, such as 

cyclopentadithiazole (CDTz) [32], indacenodithiazole (IDTz) [33], 4,7-di(thiazol-2-

yl)-2,1,3-benzothiadiazole (DTzBT) [34], bithiazole imide (BTzI) [35], and 

dithiazolylthienothiophene bisimide (TzBI) [4], as shown in Chart 1.2. Polymers with 

these thiazole-containing units have been studied as semiconductors in OFEFs with 

high carrier mobilities. [36] For example, IDT- and IDTz-ladder-type monomers were 

copolymerized with 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole (DTBT) or DTzBT units 

to obtain ambipolar polymers PIDT-DTBT, PIDT-DTzBT [37], and PIDTz-DTBT [33], 

as shown in Figure 1.1. Notably, these thiazole-based polymers showed improved 

electron-transporting properties compared with that of thiophene congeners, indicating 

that introducing weak donor units in D-A polymers is beneficial to generate efficient 

electron-transporting materials. 

 

 
Chart 1.2. Structures of thiazole-containing compounds.  

 

In Chapter 2, new thiazole-condensed single and double germole derivatives 
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(DTzG and GIDTz) were prepared as weak donor units by the reactions of respective 

lithiated thiazole compounds with dichlorodioctylgermane (Figure 1.2). The compound 

structures were verified by 1H NMR, 13C NMR, and mass spectral measurements. The 

single-crystal structure of brominated GIDTz shows high planarity of the fused ring 

system. The optical and electrochemical properties of DTzG and GIDTz derivatives 

indicate that the derivatives possess enhanced electron deficiency compared with 

thiophene-based germole congeners reported previously. This is supported by density 

functional theory (DFT) calculations that reveal lower-lying HOMO and LUMO for the 

thiazole-condensed germoles than the thiophene-condensed congeners.  

 

 

Figure 1.2. Schematic diagram of the structures and HOMOs/LUMOs of germoles 

compounds, described in Chapter 2. 
 

In Chapter 3, distannylated DTzG and GIDTz were copolymerized with 

dibrominated 2,1,3-benzothiadiazole and 4,7-di(thiazol-2-yl)-2,1,3-benzothiadiazole to 

produce four new donor-acceptor conjugated copolymers (Figure 1.3). The optical, 

electrochemical, and thermal properties of the copolymers were characterized, and 

intramolecular charge transfer was evaluated on the basis of solvatochromic behavior 

in the photoluminescence spectra. DFT calculations revealed that these thiazole-

containing copolymers exhibited lower HOMO and LUMO energy levels than those of 

thiophene-based congeners PDTG-BT and PGIDT-BT (Figure 1.3), and this finding 

agreed with the experimental results. The intramolecular noncovalent S‒N and N‒H 
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bond interactions and the effects of the bridging atom (C or Ge) on the HOMO and 

LUMO energy levels were also suggested by the DFT calculations. 

 

 

Figure 1.3. Schematic diagram of the structures of copolymers, described in Chapter 3. 
 

In Chapter 4, dicyanovinyl-capped dithiazologermoles (DTzG-DCV and GIDTz-

DCV) were synthesized (Figure 1.4), and their optical and electrochemical properties 

were investigated. Both DTzG-DCV and GIDTz-DCV showed solvatochromism, 

exhibiting red shifts of the photoluminescence (PL) bands with increasing solvent 

polarity from toluene to DMF, likely due to intramolecular donor–acceptor interaction. 

Moreover, they served as selective PL sensors, with spectral changes in the presence of 

amines and fluoride and iodide ions, but not other halogen ions, in solution. DTzG-

DCV and GIDTz-DCV underwent a quick and high-yield reaction with n-butylamine 

to give imine derivatives, accompanied by PL color changes. Similar color changes 

were observed even in the solid state with n-butylamine and n-hexylamine. In contrast, 

reactions with secondary and tertiary alkylamines caused no obvious changes in PL 

color. The color changes are visible to the naked eye under irradiation with a portable 

UV lamp at 365 nm, and thus DTzG-DCV and GIDTz-DCV can be used for the quick 

and selective sensing of primary amines. 

 



7 

 

Figure 1.4. Schematic diagram of the reaction of stopping ICT, described in Chapter 4. 
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Chapter 2: Synthesis of thiazole-condensed germoles with enhanced 

electron-deficient properties 

 

1. Introduction 

Previously, we reported the first synthesis of DTS as a typical heteroatom-bridged 

thiophene-based compound. [38] The introduced Si atom shows distinct electronic 

perturbation by fixing bithiophene unit to be planar and by orbital interaction between 

the silicon σ* and the butadiene π* orbital, namely σ*-π* conjugation, [39, 40] which 

lead to the low-lying LUMO. Based on these interesting properties, DTS units are 

extensively used as building units of π-conjugated oligomers and polymers for the 

application to OLEDs, OFETs, [11, 41] and OSCs. [42-45] Our group has also 

synthesized several element-bridged bithiophenes with Ge, Sn, Sb and Bi, as shown in 

Chart 2.1. [8, 10, 11, 18, 21] For DTS and DTG, the long C-Si and C-Ge bonds keep 

the side chains away from DTS and DTG core structure, permitting strong π-π stacking 

of DTS- and DTG-containing π-conjugated polymers in the solid state, leading to high 

carrier-transporting properties of the polymer films in OFETs and OSCs, despite the 

existence of substituents on the bridging element. [16, 46, 47]  

Expanded bridged π-conjugated systems with ladder structures, including 

indacenodithiophene [48], dipyrrole [49], digermole [29] and disilole [50] have been 

also studied as the components of p-type polymer semiconductors (Chart 2.2). For the 

development of electron-deficient components for n-type materials, introduction of 

electron-deficient carbonyl and dicyanovinylene as the bridging units was examined in 

IDD [51] and M2 [52] in Chart 2.2. Replacement of thiophene by thiazole also led to 

n-type π-conjugated units as for IDD and IDTz. [33] 

In recent years, we synthesized dipyridinometalloles, (DPyS, DPyG, DPySb and 

DPyBi in Chart 2.1) with enhanced electron-deficient properties and interesting solid-

state phosphorescence. [12, 13] However, dipyridinometalloles are hard to polymerize, 

except for coordination polymerization, as they possess no suitable reactive sites. [13] 
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On the other hand, thiazole-containing compounds, such as IDD and IDTz, are 

anticipated as promising electron-deficient building units for conjugated polymer 

formation. The past few years, thiazole-based compounds with N, [49] P, [53] and As 

[54] bridging elements have been also reported as new electron-deficient materials and 

their use as semiconductor materials for OFETs has been explored. However, no 

synthetic studies of dithiazole-condensed silole and germole have been reported, 

although a theoretical study predicted good photovoltaic properties of a dithiazole-

containing compound. [55]  

 

 
Chart 2.1. Structures of dithiophenemetalloles and dipyridinometalloles. 

 

In this Chapter, the author reported the first synthesis of dithiazole-condensed 

germoles (DTzGs) and germaindacenodithiazoles (GIDTzs), which possess enhanced 

electron deficiency and extended conjugation. These are new germole-containing 

derivatives and it is interesting to us to investigate how germole affects the electronic 

states of these compounds and how replacement of thiophene rings of previously 

reported dihtienogermoles by thiazole enhance the electron deficiency. We also report 

the synthesis of new conjugated polymers with DTzG and GIDTz units. 
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Chart 2.2. Structure of ladder π-conjugated compounds 

 

2. Results and discussion 

2.1. Synthesis and characterization 

The synthesis of new compounds is presented in Scheme 2.1 and the details are 

given in Supporting Information and the structures of target compounds were 

characterized by NMR and mass spectra (Figure 2.7-2.18). 2-(triisopropylsilyl)thiazole 

(2a), 5-bromo-2-triisopropylsilylthiazole (3a), 2,2'-bis-triisopropylsilyl-4,4'dibromo-

5,5'-bithiazole (4a) were obtained as reported in the literature. [56] Compound 1b was 

prepared by the reaction of 3a and LDA with halogen dance at -78 ℃, [57] followed by 

stannylation. Compound 1b was then subjected to Stille cross-coupling reaction with 

1,4-dibromo-2,5-diiodobenzene using Pd(PPh3)2Cl2 as the catalyst. The reaction of 4a 

with n-butyllithium followed by treatment of the resultant dilithiated compound with 

dichlorodioctylgermane gave triisopropylsilyl (TIPS)-substituted TIPS-DTzG in 40% 

yield, which was desilylated with tetrabutylammonium fluoride (TBAF) to give DTzG 

in 99% yield. Ladder compounds GIDTz and TIPS-GIDTz were synthesized in the 

same manner as above in 96% and 50% yield, respectively. We also attempted to 

prepare thiazole-condensed siloles by the reactions of dilithiated 4a and 

dichlorodioctylsilane under the same conditions. However, no siloles were obtained. 

Lowering the reaction temperature from -78 ℃ to -100 ℃ and employing 

difluorodioctylsilane instead of dichlorodioctylsilane did not afford siloles.  
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Scheme 2.1. Synthesis of thiazole-condensed germoles. 

 

2.2. Crystal structure of brominated GIDTz 

In order to study the solid packing of thiazole-condensed germoles, the single-

crystal structure of brominated GIDTz (GIDTz-Br) was analyzed by an X-ray 

diffraction study, which was obtained by the slow solvent evaporation from the 

dichloromethane/methanol solution at room temperature. Figure 2.1 depicts the crystal 

structure and the molecular packing of GIDTz-Br. The fused five-membered rings 

exhibit high planarity with a small dihedral angle of 1.59◦ as shown in Figure 2.1(a), 

and the endo cyclic bond distance and angle of the germanium atom are 1.96 Å (C-Ge) 

and 87.24◦ (C-Ge-C), respectively. The molecular packing of brominated GIDTz 

indicates close stacking between the thiazole rings of the slipped π-units with the 

interplane distance of 3.66 Å, as shown in Figure 2.1(b). Crystal structures of similar 

carbon bridged ladder compounds, IDTO2-Br and IDTO4-Br, were reported and high 

planarity was demonstrated (Chart 2.3). Compounds IDTO2-Br and IDTO4-Br have no 

π-π stacking with intermolecular distances of 4.000 and 4.430 Å. It is likely that 

interdigitation of octyl chains observed in the packing structure enhances the 

intermolecular interaction of GIDTz-Br (Figure 2.1(c)). 
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Chart 2.3. Structures of IDTO2-Br and IDTO4-Br. 

 
Figure 2.1. Single crystal of (a) molecular, (b) π-π stacking, and (c) packing structures 

of GIDTz-Br. Hydrogen atoms are omitted for clarity. In (b), only C-Ge bonds are 

shown for octyl groups. 

 

2.3. Optoelectronic properties 

UV-vis absorption spectra of DTzG, TIPS-DTzG, GIDTz, and TIPS-GIDTz in 

tetrahydrofuran (THF) are shown in Figure 2.2(a), and the data are summarized in Table 

2.1. The absorption maxima are at 347, 327, 367 and 353 nm for TIPS-DTzG, DTzG, 

TIPS-GIDTz and GIDTz, respectively. In contrast to DTzG that has one broad 

absorption peak, GIDTz shows vibrationally resolved three absorption peaks, likely due 

to the more rigid structure of GIDTz. Higher rigidity of GIDTz than DTzG was also 

indicated by smaller Stokes shifts of GIDTz compounds (see below). Similar results 

have been reported for Si-bridged thiophene analogs. [40][58-60] The UV-vis 
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absorption spectrum of DTzG exhibits a slight blue shift of 6 nm relative to that of DTG 

(λmax: 333 nm), which is due to the replacement of thiophene with thiazole lead to mildly 

larger bandgap. The optical bandgaps (Eg
opt) were estimated to be 3.45, 3.26, 3.09 and 

3.22 eV for DTzG, TIPS-DTzG, GIDTz and TIPS-GIDTz from the absorption edges, 

respectively. TIPS-substituted compounds, showed red-shifted absorption bands from 

those of the TIPS-free congeners, likely due to elevation of the HOMO by electron 

donating TIPS groups. σ-π Interaction between the silyl substituents and the π-system 

may be also involved (see the computational part below). The PL spectra of thiazole-

condensed germoles are shown in Figure 2.2(b). The fluorescence bands in THF are in 

the range of 340-540 nm, and the maxima are at 405, 388, 419 and 404 nm, with the 

Stokes shifts of 58, 61, 52 and 51 nm for TIPS-DTzG, DTzG, TIPS-GIDTz, and GIDTz, 

respectively. Absolute PL quantum yields of the compounds were also determined as 

listed in Table 1. It was found that TIPS-compounds exhibited higher PL quantum yields 

than the corresponding TIPS-free compounds. Similar effects of silyl substituents, 

enhancing the PL efficiencies have been reported, previously. [61] 

 

Table 2.1. Optical and electrochemical properties of thiazole-condensed germole. 

Compound λmax/ 
nma 

Eg
opt/eVb ε/104  

M-1cm-1 
λem/nm 

/Φc 
HOMOd 
/LUMOd 

HOMOe 
/LUMOf  

TIPS-DTzG 347 3.26 1.42 405/0.55 -5.70/-1.74 -5.61/-2.35 
DTzG 327 3.45 0.52 388/0.39 -5.86/-1.71 -5.72/-2.27 

TIPS-GIDTz 367 3.09 1.31 419/0.26 -5.45/-1.80 -5.46/-2.37 
GIDTz 353 3.22 1.61 404/0.16 -5.55/-1.78 -5.58/-2.36 

a In THF at room temperature. b Eg
opt = 1240 / absorption edges. c Fluorescence quantum 

yield. d Based on DFT calculations at the B3LYP/6-31G(d,p) level of theory in CH2Cl2. 
e EHOMO = - (Eox

onset + 4.80) eV with Eox
onset from Fc/Fc

+ internal standard. f ELUMO = 

EHOMO + Eg
opt.  

 



14 

 

Figure 2.2. (a) UV-vis absorption spectra and (b) PL spectra of thiazole-condensed 

germoles in THF at room temperature. 

 

To investigate the electrochemical characteristics, cyclic voltammetry (CV) was 

conducted for the thiazole-condensed germoles in dichloromethane (Figure 2.3). All 

compounds exhibit nonreversible anodic behaviors. However, no electrochemical 

reduction was observed. The HOMO and LUMO energy levels of the compounds were 

estimated on the basis of the anodic onset potentials and Eg
opt, as presented in Table 2.1. 

Interestingly, the differences in HOMO energy levels between DTzG and GIDTz and 

between TIPS-DTzG and TIPS-GIDTz are larger than the differences in LUMO energy, 

and are primarily responsible for the red-shifted UV-vis absorption and PL bands for 

ladder compounds GIDTz and TIPS-GIDTz. It is also noted that the LUMO energy 

levels of TIPS-substituted TIPS-DTzG and TIPS-GIDTz are slightly lower than those 

of TIPS-free DTzG and GIDTz. However, the HOMO energy levels of TIPS-DTzG and 

TIPS-GIDTz are much higher than those of DTzG and GIDTz, indicating that the TIPS 

substituents affect mainly the HOMO energy levels by their electron-donating property, 

which results in the shift of the UV-vis absorption and PL bands. 
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Figure 2.3. Cyclic voltammograms of TIPS-DTzG, DTzG, TIPS-GIDTz and GIDTz 

measured in 0.1M tetrabutylammonium hexafluorophosphate in CH2Cl2 solution with 

the Fc/Fc+ redox couple as the internal standard, at the scan rate of 50 mV/s, using Pt 

disk, Pt plate, and Ag wire as the working, counter, reference electrodes, respectively. 

 

2.4. DFT calculations  

To further explore the electronic properties of thiazole-condensed germole, DFT 

calculations were carried out at the level of B3LYP/6-31G(d,p), in which the alkyl side 

chains were replaced by methyl for reducing computation time.[62] The data are 

summarized in Figure 2.4. Compared with the HOMO and LUMO energy levels of Tz-

Tz that has no Ge bridges, those of DTzG are raised by 0.15 and 0.38 eV, respectively. 

It is likely that the electron-donating property of Ge raises the LUMO energy level, 

although the LUMO profile demonstrates clear σ*(Ge)-π*(Tz) interaction for the DTzG 

model, as shown in Figure 2.5. The HOMO-LUMO gap of the DTzG model is smaller 

than that of Tz-Tz by 0.23 eV, clearly indicating effects of the Ge bridge enhancing the 

conjugation. This is in good agreement with the fact that the UV-vis absorption 

maximum of 4a in THF appears at 315 nm, which is shorter by 32 nm than that of TIPS-

DTzG. The difference in the HOMO-LUMO gap of 4a and TIPS-DTzG experimentally 
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estimated from the absorption edges is 0.20 eV, which is slightly smaller than the 

theoretically predicted value for Tz-Tz and the DTzG model. It is also apparent that 

GIDTz possesses an even smaller HOMO-LUMO gap than DTzG, reflecting the 

extended π-conjugation. In addition, replacing the electron-rich thiophenes by thiazole 

units leads to the large stabilization of the HOMO and LUMO by approximately 0.5 eV, 

whereas the bandgaps are not significantly affected. From these results, it is likely that 

the replacement of thiophene by thiazole can achieve a low LUMO system that is 

potentially applicable to n-type semiconductors.

 

 

Figure 2.4. HOMO and LUMO energy levels for bridged or nonbridged bithiazole and 

bithiophene, derived from DFT calculations at B3LYP/6-31G(d,p) level. 
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Figure 2.5. The optimized structures of dithiazole-based germole. 
 

 
Figure 2.6. (a, b) Optimized structures of TIPS-DTzG model with different view 

directions. (c) LUMO and (d) HOMO profiles of TIPS-DTzG. 

 

The optimized structures of the compounds exhibit high planarity, as shown in 

Figure 2.5. Figure 2.6(a) and (b) show the optimized geometries of TMS-DTzG as a 

typical example that indicates complete planarity including the Si atoms of the TIPS 

groups and the core dithiazologermole unit. Figure 2.6(c) indicates that the σ*(Ge)-

π*(Tz) interaction contributes to the LUMO of TMS-DTzG. The introduction of TIPS 

has a larger effect on the HOMO than the LUMO. The change of HOMO is 0.16 eV, 

whereas that of LUMO is 0.03 eV. The TIPS orbitals contribute to elevating the HOMO, 

as shown in Figure 2.6(d). 

 

3. Conclusion  

 

In summary, the author has prepared dithiazole-condensed single germole and 

double germole compounds and investigated their electrochemical and optical 

properties. The single-crystal structure of brominated GIDTz exhibits close 

intermolecular stacking. DFT calculations revealed that the HOMO and LUMO energy 
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levels of the thiazole-condensed germoles are low in comparison with those of the 

thiophene-condensed germole congeners reported previously. 
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General consideration 

 

All reactions were carried out in dry argon. Diethyl ether, N,N-dimethylformamide 

(DMF), and tetrahydrofuran (THF) that were used as the reaction solvents were distilled 

from CaH2 and stored over activated molecular sieves in the dark until use. NMR 

spectra were recorded on a Varian 400-MR spectrometer. UV-vis absorption and PL 

(photoluminescence) spectra were measured on Hitachi U-2910 and HORIBA 

FluoroMax-4 spectrophotometers, respectively. PL quantum yields were determined on 

a HORIBA FluoroMax-4 spectrofluorometer using a calibrated integrating sphere 

system (λex = 337, 317, 357, 343 nm for TIPS-DTzG, DTzG, TIPS-GIDTz and GIDTz, 

respectively). APCI-mass spectra were obtained by a Thermo Fisher Scientific LTQ 

Orbitrap XL spectrometer at N-BARD, Hiroshima University. 

 

Synthesis 

 

 

Synthesis of TIPS-DTzG  

To a solution of 4a (0.64 g, 1.0 mmol) in THF (20 mL) was added at -78 °C a 

solution of n-BuLi (2.1 mmol, 1.6 M) in hexane and the resulting mixture was stirred 

for 1 h at this temperature. Dichlorodioctylgermane (0.48 g, 1.3 mmol) was added to 

the reaction solution at -80 °C. After stirring the mixture overnight at room temperature, 

the solvent was evaporated under reduced pressure. The residue was purified by column 

chromatograph on silica gel with hexane: ethyl acetate = 10:1 as the eluent to afford 

TIPS-DTzG in 40% yield (0.31 g, 0.4 mmol) as a yellow oil. 1H NMR (CDCl3) δ 1.52-

1.44 (sept, 6H), 1.44-1.16 (m, 28H), 1.16 (d, J = 8 Hz, 36H), 0.85 (t, J = 8 Hz, 6H); 13C 

NMR (CDCl3) δ 170.42, 165.60, 140.84, 32.33, 31.86, 29.23, 29.08, 25.44, 22.64, 18.54, 

14.44, 14.08, 11.81. HRMS (APCI) m/z calcd for C40H76GeN2S2Si2 [M+] 778.4293, 

found 778.4200. 
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Synthesis of DTzG  

To a solution of TIPS-DTzG (0.46 g, 0.6 mmol) in THF (15 mL) was added a 

solution of TBAF (1.2 mmol, 1 M) in THF at 0 °C and the resulting mixture was stirred 

for 10 min at this temperature. The solvent was evaporated under reduced pressure and 

the residue was purified by column chromatograph on silica gel with hexane: ethyl 

acetate = 5:1 as the eluent to afford DTzG in 99% yield (0.27 g, 1.0 mmol) as a yellow 

oil. 1H NMR (CDCl3) δ 8.83 (s, 2H), 1.50-1.33 (m, 8H), 1.28-1.12 (m, 20H), 0.83 (t, J 

= 8 Hz, 6H); 13C NMR (CDCl3) δ 162.68, 152.79, 137.90, 32.55, 31.77, 29.09, 28.96, 

25.15, 22.60, 14.08, 13.91. HRMS (APCI) calcd for C22H36GeN2S2 [M+] 466.1532, 

found 466.1588. 

 

 

Synthesis of 5,5'-(2,5-dibromo-1,4-benzenediyl)bis(4-bromo-2-

triisopropylsilylthiazole) (2b)  

To a solution of 3a (5.54 g, 17.3 mmol) in THF (40 mL) was added LDA (1 M, 

20.7 mmol) at -78 °C and the resulting mixture was stirred for 30 min at this temperature. 

Then, trimethyltin chloride (4.12 g, 20.7 mmol) was added to the reaction solution. 

After stirring the mixture overnight at room temperature and quenched with sat. NaCl 

(aq), and extracted with dichloromethane. The combined organic layers were dried over 

MgSO4. After filtration, the solvent was removed under reduced pressure. 4-bromo-2-

(triisopropylsilyl)-5-(trimethylstannyl)thiazole (1b) was obtained as yellow oil. 1H 

NMR (CDCl3) δ 1.48-1.40 (sept, 3H), 1.14 (d, J = 8 Hz, 18H), 0.47 (s, 9H); 13C NMR 

(CDCl3) δ 176.25, 134.80, 129.77, 18.59, 18.48, -7.84. HRMS (APCI) calcd for 

C15H30BrNSSiSn [M+] 483.0134, found 483.0074.  
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The residue, 1,4-dibromo-2,5-diioobenzene (4.21 g, 8.6 mmol), and Pd(PPh3)2Cl2 

(0.31 g, 0.4 mmol) was dissolved in DMF (15 mL) at 80 °C for stirring 24 h. DMF were 

evaporated under reduced pressure and the residue was directly purified by column 

chromatograph on silica gel with hexane: dichloromethane = 2:1 as the eluent to afford 

2b in yield of 30% (2.20 g, 2.6 mmol) as a white powder. 1H NMR (CDCl3) δ 7.76 (s, 

2H), δ 1.52-1.42 (sept, 6H), δ 1.19 (d, J = 8 Hz, 36H); 13C NMR (CDCl3) δ 172.64, 

136.28, 134.36, 131.94, 128.88, 123.27, 18.44, 11.57. HRMS (APCI) calcd for 

C30H44Br4N2S2Si2 [M+] 871.9245, found 871.9177. 

 

Synthesis of TIPS-GIDTz 

To a solution of 2b (1.74 g, 2.0 mmol) in THF (40 mL) was added at -78 °C a 

solution of n-BuLi (10 mmol, 1.6 M) in hexane and the resulting mixture was stirred 

for 1 h at this temperature then the mixture was further stirred at room temperture for 2 

h. Dichlorodioctylgermane (2.22 g, 3.0 mmol) was added to the mixture at -78 °C. After 

stirring the mixture overnight at room temperature, the solvent was evaporated under 

reduced pressure and the residue was purified by column chromatograph on silica gel 

with hexane: ethyl acetate = 10:1 as the eluent to afford TIPS-GIDTz in 50% yield (1.15 

g, 1.0 mmol) as a yellow oil. 1H NMR (CDCl3) δ 7.59 (s, 2H), 1.43-1.53 (sept, 6H), 

1.47-1.18 (m, 56H), 1.18 (d, J = 8 Hz, 36H), 0.83 (t, J = 8 Hz, 12H); 13C NMR (CDCl3) 

δ 171.24, 163.98, 151.33, 144.55, 139.61, 128.50, 32.64, 31.83, 29.13 (2C), 25.35, 

22.60, 18.55, 14.44, 14.03, 11.81. HRMS (APCI) calcd for C62H112Ge2N2S2Si2 [M+] 

1150.6263, found 1150.6238. 

 

 

Synthesis of GIDTz 
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GIDTz was synthesized in a fashion similar to synthesis of and DTzG, by using 

TIPS-GIDTz instead of TIPS-DTzG, GIDTz in 96% yield as a yellow oil. 1H NMR 

(CDCl3) δ 8.85 (s, 2H), 7.58 (s, 2H), 1.47 (sext, J = 8 Hz, 8H), δ 1.35-1.14 (m, 48H), δ 

0.84 (t, J = 8 Hz, 12H); 13C NMR (CDCl3) δ 161.38, 153.56, 148.60, 144.00, 139.43, 

128.00, 32.82, 31.81, 29.17, 29.02, 25.27, 22.62, 14.18, 14.08. HRMS (APCI) calcd for 

C44H72Ge2N2S2 [M+] 838.3640, found 838.3569. 

 

 
Synthesis of GIDTz-Br 

To a solution of GIDTz (0.22 g, 0.26 mmol) in THF (10 mL) was added LDA (1 

M, 0.55 mmol) at -78 °C and the resulting mixture was stirred for 30 min at this 

temperature then carbon tetrabromide (CBr4) (0.18 g, 0.55 mmol) was added to the 

reaction solution. After stirring the mixture overnight at room temperature, the mixture 

was hydrolyzed with sat. NaCl (aq) and extracted with dichloromethane. The combined 

organic layers were dried over MgSO4. After filtration, the solvent was removed under 

reduced pressure and the residue was purified by column chromatograph on silica gel 

with hexane: ethyl acetate = 20:1 as the eluent to afford brominated GIDTz (GIDTz-

Br) in 50% yield (0.13 g, 0.13 mmol) as a yellow solid. 1H NMR (CDCl3) δ7.43 (s, 2H), 

1.44 (sext, J = 8 Hz, 8H), δ 1.35-1.15 (m, 48H), δ 0.85 (t, J = 8 Hz, 12H); 13C NMR 

(CDCl3) δ 161.00, 151.63, 143.16, 139.36, 135.34, 127.98, 32.93, 31.96, 29.34, 29.15, 

25.32, 22.79, 14.41, 14.24. HRMS (APCI) calcd for C44H70Br2Ge2N2S2 [M+] 996.1806, 

found 996.1759. 
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Figure 2.7. 1H NMR spectrum of TIPS-DTzG 

 

 
Figure 2.8. 13C NMR spectrum of TIPS-DTzG 
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Figure 2.9. 1H NMR spectrum of DTzG 

 

 
Figure 2.10. 13C NMR spectrum of DTzG 
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Figure 2.11. 1H NMR spectrum of 1b 

 

 
Figure 2.12. 13C NMR spectrum of 1b 
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Figure 2.13. 1H NMR spectrum of 2b 

 

 
Figure 2.14. 13C NMR spectrum of 2b 
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Figure 2.15. 1H NMR spectrum of TIPS-GIDTz 

 

 
Figure 2.16. 13C NMR spectrum of TIPS-GIDTz 
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Figure 2.17. 1H NMR spectrum of GIDTz 

 

 
Figure 2.18. 13C NMR spectrum of GIDTz 
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Chapter 3: Preparation of D-A copolymers based on dithiazologermole 

and germaindacenodithiazole as weak electron donor units 

 

1. Introduction 

In the past decade, much interest has been placed on π-conjugated polymer 

semiconductors as hole and electron transport materials because of their adjustable 

frontier molecular orbital (FMO) energy levels and potential applications in 

optoelectronic devices, such as OSCs, OFETs, and OLEDs [63-68]; in comparison with 

inorganic semiconductor materials, these materials exhibit several advantages, 

including light weight, low cost, and high flexibility [69-72]. In contrast to p-type (hole-

transporting) polymers, which exhibit impressive device performances with high hole 

mobilities exceeding 10 cm2 V-1 S-1 [73, 74], n-type (electron-transporting) polymers 

have been limited due to the presence of minority electron-deficient groups and because 

the synthesis process is complicated; these disadvantages have impeded the 

development of n-type semiconductor materials. In addition, n-type polymers show 

relatively low device stability because of their relatively high sensitivity to moisture in 

the photoexcited and carrier-doped states, and this issue has hindered their application 

in devices [75, 76]. Clearly, the development and design of new n-type organic 

semiconductors is imperative. Conjugated polymers composed of a regular alternating 

arrangement of D-A polymers are valuable because they show improved inter- and 

intramolecular interactions between the donor and acceptor units, enhancing carrier 

transport in their films. For the preparation of high-performance n-type D-A polymers, 

the polymers should also possess high electron affinity, which may be realized by 

introducing weak donors with low-lying LUMOs. However, weak donors may suppress 

the D-A interaction, and therefore, it is essential to use a donor unit with an appropriate 

electronic state and a moderately low-lying LUMO. 

Several Group 14 element-bridged bithiophenes, such as cyclopentadithiophene 

(CDT) [77], DTS [7, 78], and DTG [9, 18], have been reported as typical electron donor 
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structures. The bithiophene unit becomes planar when bridging atoms are introduced, 

and the electronic effects of silicon and heavier elements used as bridging atoms have 

often been proposed. These monomer units have been copolymerized with BT to afford 

D-A type copolymers (PCDT-BT, PDTS-BT, and PDTG-BT) that present satisfactory 

charge-transporting behaviors in OFET devices (Chart 3.1) [19, 79, 80]. 

As derivatives of the abovementioned electron-donating Group 14 element-

bridged bithiophenes, a new class of compounds containing thiazole units have been 

studied; these compounds are weak electron donor structures that can enhance electron-

transporting properties while also exhibiting electron-donating properties and 

performing D-A interactions with strong acceptor units. For example, IDT- and IDTz-

ladder-type monomers were copolymerized with DTBT or DTzBT units to obtain 

ambipolar polymers PIDT-DTBT, PIDT-DTzBT [37], and PIDTz-DTBT [33], as shown 

in Chart 3.1. Notably, these thiazole polymers showed improved electron-transporting 

properties compared with that of thiophene congeners, indicating that introducing weak 

donor units in D-A polymers is beneficial to generate electron-transporting materials. 

The following strategies are effective for preparing polymers with high electron-

transporting properties: (1) replacing all thiophene units with thiazole units and (2) 

substituting silole or germole for the cyclopentadiene ring. This strategy is effective 

because these metalloles usually possess lower LUMO energy levels than that of 

cyclopentadiene, which can be ascribed to the σ*-π* conjugation between the silicon 

or germanium σ* and the butadiene π* orbital. Furthermore, the relatively long C-Si 

and C-Ge bonds function to place the side chains on these atoms far from the polymer 

backbone to reduce steric hindrance and enhance the intermolecular π-π stacking 

interaction [15-17, 21]. 

In this Chapter, weak electron donor units dithiazologermole (DTzG) and 

germaindacenodithiazole (GIDTz), which showed enhanced electron-deficient 

properties in our previous work [85], were copolymerized with acceptor units BT and 

DTzBT to form four new D-A type polymers, PDTzG-BT, PGIDTz-BT, PDTzG-

DTzBT, and PGIDTz-DTzBT (Chart 3.1). Quantum chemical calculations obtained 

through the polymer models suggested that these thiazole-containing polymers should 
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possess lower-lying LUMOs and HOMOs than those of the thiophene-congener 

polymers. In addition, good film-forming properties were observed for the polymers, 

indicating potential applications as device materials. 

 

 
Chart 3.1. Structures of polymers based on element-bridged thiophene and thiazole 

units. 

2. Results and discussion 

2.1. Synthesis 

Scheme 3.1 shows the synthetic route to distannylated monomers and copolymers. 

The NMR and mass spectra of target compounds were shown in Figure 3.9-3.20. Details 

of the experimental procedures are available in the end of this chapter. Compounds 

DTzG, GIDTz, and 4,7-bis(5-bromothiazol-2-yl)benzo[c][1,2,5]thiadiazole (DTzBT-

Br) were prepared as reported in the literature [85, 86]. Two distannylated monomers, 

DTzG-Sn and GIDTz-Sn, were facilely synthesized by the lithium-hydrogen exchange 

reaction of DTzG and GIDTz, respectively, at -78 °C, followed by treatment of the 

resultant dilithium reagents with tributyltin chloride. DTzG-Sn and GIDTz-Sn were 

readily purified by column chromatography using neutral alumina and characterized by 
1H NMR, 13C NMR, and mass spectral measurements. 

For GIDTz, we utilized the Negishi coupling reaction to improve the synthetic 

route to the precursor because this reaction offers several advantages over the Stille 

coupling reaction, as toxic organotin is absent, the synthesis is a simple one-step process, 

and adequate yields are obtained. 
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PDTzG-BT PGIDTz-BT PGIDTz-DTzBT PDTzG-DTzBT 

Figure 3.1. Photos of polymer solutions in THF (1 mg/mL). 

 

DTzG-Sn and GIDTz-Sn were then copolymerized with BT-Br or DTzBT-Br, 

respectively, to afford four D-A type copolymers via the conventional Stille coupling 

reaction using Pd2(dba)3/P(o-tol)3 as the catalyst. After polymerization, these 

copolymers were purified by Soxhlet extraction using methanol, hexane, 

dichloromethane, chloroform, and chlorobenzene to remove salts and low molecular 

weight fractions. After removal of low molecular weight fractions that were soluble in 

methanol and hexane, PDTzG-BT and PGIDTz-BT were found to be soluble in 

chloroform, and chlorobenzene extraction was not carried out. Similarly, PGIDTz-

DTzBT was soluble even in dichloromethane, and no further extraction with 

chloroform and chlorobenzene was performed. PDTzG-DTzBT was only soluble in 

chlorobenzene. The extracts of PDTzG-BT and PGIDTz-BT in chloroform, PGIDTz-

DTzBT in dichloromethane, and PDTzG-DTzBT in chlorobenzene were concentrated 

and reprecipitated in methanol to yield the target polymers as solids. Although only 

broad signals are observed in their 1H NMR spectra, the integration ratios are in good 

agreement with the regular alternating structures. 13C NMR spectra could not be 

obtained because of the low solubility of the polymers. To further verify the polymer 

structures, we measured their MALDI-TOF mass spectra. Signals assignable to 

oligomers up to n = 7, 6, 4, and 4 terminated with H or Br were found in the spectra of 

PDTzG-BT, PGIDTz-BT, PDTzG-DTzBT, and PGIDTz-DTzBT, respectively. The 

molecular weights of the polymers were Mn = 8.8, 7.7, 3.1, and 8.7 kDa and PDI 

(polydispersity index, Mw/Mn) = 2.5, 1.6, 1.6, and 2.9 for PDTzG-BT, PGIDTz-BT, 

PDTzG-DTzBT, and PGIDTz-DTzBT, respectively, as determined by GPC at 50 °C 

with tetrahydrofuran (THF) as the eluent. The molecular weight and yield of PDTzG-

DTzBT were lower than those of other polymers due to its low solubility, as high-
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molecular weight polymers might be separated as insoluble materials. Currently, 

microwave irradiation is commonly used to heat the medium of coupling reactions, 

including the Stille coupling reaction, for the synthesis of conjugated polymers (see 

references for examples [42,46.47]). However, heating the reaction mixture by 

microwave irradiation resulted in the formation of a large amounts of insoluble 

materials for PDTzG-DTzBT, and therefore, the polymerization was performed by 

heating the mixture with an oil bath, which differed from other polymers that were 

prepared by microwave heating. In addition, compared to the other polymers in THF, 

PDTzG-DTzBT was less soluble, and only the soluble part was analyzed by GPC 

(Figure 3.1), which may also be responsible for the lower molecular weight determined 

by GPC. Dichlorobenzene was also examined as the GPC solvent but again showed low 

solubility. Other polymers also showed low solubility, which limits their molecular 

weights. Changing the reaction temperature did not affect the results. 

 

 
Scheme 3.1. Synthetic routes to thiazologermole-containing polymers. 
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2.2. Thermal properties of polymers 

TGA was carried out in a nitrogen atmosphere at a heating rate of 10 °C min-1 to 

evaluate the thermal stability of the polymers. The polymers exhibited good thermal 

stability with temperatures of 5% mass loss Td
5 = 366, 348, 327, and 414 °C for PDTzG-

BT, PGIDTz-BT, PDTzG-DTzBT, and PGIDTz-DTzBT, respectively, as shown in 

Figure 3.2. DSC was also carried out from 30 °C to 250 °C to characterize the polymer 

crystallinity, but all polymers showed no thermal transition. 

 

Figure 3.2. (a) TGA curves of PDTzG-BT, PGIDTz-BT, PDTzG-DTzBT and PGIDTz-

DTzBT. (b) DSC curve of PDTzG-BT. 

 
2.3. Optical and electrochemical properties of polymers 
 

To investigate the optical properties of the polymers, UV‒vis absorption spectra 

were measured. The normalized solution and film absorption spectra are shown in 

Figure 3.3(a) and (b), and the data are listed in Table 3.1. PDTzG-BT, PGIDTz-BT, 

PDTzG-DTzBT, and PGIDTz-DTzBT showed two major absorption peaks in 

chloroform solution, of which the shorter wavelength peaks appeared at 384, 388, 386, 

and 414 nm and the longer wavelength peaks were found at 599, 579, 526, and 554 nm, 

respectively. The low-energy absorption peaks of thiazologermole polymers PDTzG-

BT and PGIDTz-BT were blueshifted by approximately 90 and 50 nm relative to those 

of their thienogermole analogs (see Chart 3.1) [17, 27], respectively, indicating that 

DTzG and GIDTz units are weaker electron donor units than DTG and GIDT units, 

thereby diminishing the D-A interaction [32]. On the other hand, the maximal 
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absorption peaks of all polymers in the thin films were redshifted from those in solution, 

suggesting that strong π-π stacking occurs in the solid state. The absorption onsets in 

the films (λonset
film) of polymers PDTzG-BT, PGIDTz-BT, PDTzG-DTzBT, and 

PGIDTz-DTzBT were at 829, 738, 733, and 708 nm, corresponding to optical band 

gaps (Eg
opt) of 1.50 1.68, 1.69, and 1.75 eV, respectively. The Eg

opt trend corresponds 

with the theoretical calculation results (see below), although the intermolecular 

interaction is not considered in the calculations. The absorption maxima were 

blueshifted in the order of PDTzG-BT, PGIDTz-BT, PGIDTz-DTzBT, and PDTzG-

DTzBT. That the maximum of PGIDTz-DTzBT appeared at a longer wavelength than 

that of PDTzG-DTzBT in contrast to the absorption onsets, which may be due to the 

low molecular weight of PDTzG-DTzBT. 

 

 

Figure 3.3. Absorption spectra of thiazologermole polymers (a) in chloroform (1 mg/10 

mL) and (b) in thin films by spin-coating method; (c) PL spectra of PGIDTz-BT in 

toluene and chloroform (1 mg/10 mL); and (d) cyclic voltammograms of polymer thin 

films (0.1 M nBu4NClO4 in acetonitrile, with ferrocene/ferrocenium (Fc/Fc+) as the 

external standard, Pt disk as the working electrode, Pt plate as the counter electrode, 
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and Ag wire as the pseudo-reference electrode). 

To verify the intramolecular charge transfer (ICT) behaviors of these polymers, 

the PL spectra were measured in toluene and chloroform, and the results for PGIDTz-

BT are shown in Figure 3.3(c). The maximal PL peak of PGIDTz-BT in toluene solution 

was located at 650 nm, which shifted to 688 nm in chloroform solution. The redshift of 

38 nm caused by the increase in solvent polarity from toluene to chloroform indicates 

that ICT occurs between the GIDTz and BT groups, although the shift is not large. 

Similar redshifts were observed for the other three polymers, and the PL spectra of these 

polymers are shown in Figure 3.4. 
 

 
Figure 3.4. PL spectra of PDTzG-BT, PDTzG-DTzBT and PGIDTz-DTzBT. 
 

Table 3.1 Molecular weights and optical and electrochemical properties of 

thiazologermole-containing copolymers. 

Polymer Mn 
(kDa) a 

PD
I 

λmax
soln b 

/λmax
film c  

(nm)  

λonset
film 

(nm) 
Eg

opt d 
(eV)  

ELUMO e 

/HOMO
 f  

(eV)  

ELUMO/ 

HOMO g 
(eV)  

PDTzG-BT 8.8 2.5 599/630 829 1.50 -3.55/-5.05 -3.13/-5.00 

PGIDTz-BT 7.7 1.6 579/608 738 1.68 -3.55/-5.23 -2.97/-4.94 

PDTzG-DTzBT 3.1 1.6 526/555 733 1.69 -3.64/-5.33 -3.26/-5.11 

PGIDTz-DTzBT 8.7 2.9 554/577 708 1.75 -3.58/-5.33 -3.12/-5.07 

a Determined by GPC at 50 °C in THF. b For diluted chloroform solutions at room 
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temperature, c For cast films. d 1240/λonset
film. e ELUMO = −(Ered onset − (EFc/Fc+) + 4.80) 

with Ered
onset from Fc/Fc

+ external standard. f EHOMO = ELUMO − Eg
opt. g Based on DFT 

calculations at the B3LYP/6-31G(d,p)/GD3BJ level of theory. 

 

The electrochemical behaviors of the polymers were investigated by cyclic 

voltammetry (CV) measurements. The reduction peaks of the polymers appeared with 

onset potentials at -0.89, -0.89, -0.80, and -0.86 V for PDTzG-BT, PGIDTz-BT, 

PDTzG-DTzBT, and PGIDTz-DTzBT, respectively. The oxidation peaks of the 

polymers have no detected. On the basis of the reduction onsets, the LUMO energy 

levels were estimated to be -3.55, -3.55, -3.64, and -3.58 eV for PDTzG-BT, PGIDTz-

BT, PDTzG-DTzBT, and PGIDTz-DTzBT, respectively, as shown in Figure 3.3(d). 

Based on previous work, LUMOs of -3.6 eV or lower are beneficial for electron 

transport [87]. The LUMOs of the polymers are close to -3.6 eV, which is likely to be 

electron transport materials. Because these polymers had indiscernible anodic peaks, 

the HOMO energy levels were calculated from the equation EHOMO = ELUMO - Eg
opt to 

be -5.05, -5.23, -5.33, and -5.33 eV for PDTzG-BT, PGIDTz-BT, PDTzG-DTzBT, and 

PGIDTz-DTzBT, respectively. PDTzG-DTzBT and PGIDTz-DTzBT possess lower 

HOMO and LUMO energy levels than that of the polymers containing BT as the 

acceptor because of the extra thiazole units. Compared with the analogous 

thienogermole polymers, the present thiazoleogermole polymers exhibited enhanced 

electron-deficient performance with lower-lying LUMOs. 

 

2.4. DFT calculations 

 

To further study how the introduction of thiazole units affects the geometries and 

electronic states of the polymers, DFT calculations were performed on the models using 

the Gaussian 09 program at the B3LYP/6-31G(d,p)/GD3BJ level of theory, in which 

the alkyl substituents were replaced by short methyl groups, and the results are 

summarized in Table 3.1. The LUMO/HOMO energy levels of thiazologermole-

containing polymers PDTzG-BT and PGIDTz-BT were estimated to be -3.13/-5.00 and 
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-2.97/-4.94, which were lower by 0.33/0.49 and 0.26/0.38 eV than those of 

thienogermole-containing polymers PDTG-BT and PGIDT-BT (Figure 3.5), 

respectively. The LUMOs of these polymers are mainly placed in the acceptor units, 

whereas the HOMOs are distributed in the DTzG/GIDTz units and the benzene rings 

of BT, as shown in Figure 3.5; this result indicates that ICT may occur from 

DTzG/GIDTz to acceptor unit BT or DTzBT. Figure 3.6 shows the optimized 

geometries of these polymer models. The polymers exhibited completely planar 

backbones with dihedral angles < 0.04° between DTzG (or GIDTz) and the adjacent 

BT or DTzBT unit as a result of intramolecular noncovalent S‒N and N‒H interactions 

[48], which are evidenced by the S‒N (2.91-2.93 Å) and N‒H (2.49-2.52 Å) distances, 

which are shorter than the sum of the van der Waals radii of S and N (3.35 Å) and H 

and N (2.70 Å) [88]. Although the flexibility of the polymer structures could allow for 

non-planar structures, the noncovalent interactions seem to enhance the polymer 

planarity even in real systems. 

 

 

Figure 3.5. PDTG-BT, PGIDT-BT, PDTzG-BT, PGIDTz-BT, PDTzG-DTzBT and 

PGIDTz-DTzBT trimer with a visualization of the HOMO and LUMO distributions 
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and energy levels, derived from DFT calculations at B3LYP/6-31G(d,p)/GD3BJ. 

 

 

 

Figure 3.6. Optimized molecular geometries for three repeating units of 

thiazologermole-containing polymers (a) PDTzG-BT, (b) PGIDTz-BT, (c) PDTzG-

DTzBT, and (d) PGIDTz-DTzBT. Calculations were performed at the B3LYP/6-

31G(d,p)/GD3BJ level, and the alkyl chain was replaced by a methyl group to reduce 

the calculation time. 

 

To systematically study the effects of the bridging atom in cyclopentadiene and 

germole and the introduction of thiazole units on the energy levels of the HOMOs and 

LUMOs, smaller models were also examined by DFT calculations at B3LYP/6-

31G(d,p). In a previous work that compared thiophene- and thiazole-fused 

cyclopentadiene and germole molecules by DFT calculations, it was found that germole 
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compounds exhibited lower HOMO and LUMO energy levels [33]. Indeed, the LUMO 

energy levels of CDTz/IDTz and DTzG/GIDTz are at -1.56/-1.59 and -1.69/-1.74 eV, 

whereas their HOMO energy levels are at -5.72/-5.37 and -5.82/-5.49 eV, respectively. 

This is due to the σ*(Ge) - π*(Tz) conjugation in the LUMOs and the reduced anti-

bonding interaction between Tz rings in the HOMOs, as shown in Figures 3.7 and 3.8. 

The negative HOMO and LUMO energy levels of IDT-DTzBT and IDTz-DTBT agree 

with the experimental results that IDT-DTzBT and IDTz-DTBT contain higher electron 

mobilities than that of IDT-DTBT. In this work, the DTzG-BT and GIDTz-BT models 

show HOMO and LUMO energy levels that are lower by 0.31–0.50 eV and 0.13–0.19 

eV, respectively, than those of DTG-BT and GIDT-BT; this result clearly indicates the 

effects of thiazole in lowering these energy levels, as shown in Figures 3.7 and 3.8. It 

was also found that substituting DTzBT for BT to furnish DTzG-DTzBT and GIDTz-

DTzBT lowered the LUMO energy levels. 

 
 

Figure 3.7. Computational spatial electron distributions of monomers and polymers 

of a repeating unit, derived from DFT calculations at B3LYP/6-31G(d,p). 
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Figure 3.8. Computational spatial electron distributions of monomers (a) and polymers 

of a repeating unit (b). 
 
3. Conclusions 

 
We prepared new D-A type polymers containing thiazole-condensed germoles as 

the donor and BT and DTzBT as the acceptor and investigated their optical and 

electrochemical properties. The ICT behaviors of these polymers were also examined 

by PL measurements in different solvents. DFT calculations revealed that the 

HOMO/LUMO energy levels of DTzG- and GIDTz-based polymers are lower than 

those of previously reported thiophene-based congeners. In addition, DTzG/GIDTz and 

the adjacent BT unit exhibited high coplanarity because of intramolecular noncovalent 

S‒N and N‒H interactions. It was also indicated that replacing cyclopentadiene by 

germole and introducing thiazole units in place of thiophene units markedly lowered 

the HOMO/LUMO energy levels, revealing the possible tuning of the electronic states 

of the polymers by element-based molecular design. PGIDTz-BT, PDTzG-BT, 
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PGIDTz-DTzBT, and PDTzG-DTzBT with low-lying FMOs are excellent candidates 

for n-type semiconductor materials. These polymers were also demonstrated to exhibit 

good film-forming properties and thermal stability. Applications of polymers, such as 

for OTFT active layers, are being studied and will be reported elsewhere. 
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General consideration 

 

All reactions were carried out in dry argon. Toluene and chlorobenzene used as 

the reaction solvents were distilled from CaH2 and stored over activated molecular 

sieves in the dark until use. Monomers were prepared as described in below. NMR 

spectra were recorded on a Varian 400-MR spectrometer. UV-vis absorption and PL 

(photoluminescence) spectra were measured on Hitachi U-2910 and HORIBA 

FluoroMax-4 spectrophotometers, respectively. APCI-mass spectra were obtained by a 

Thermo Fisher Scientific LTQ Orbitrap XL spectrometer at N-BARD, Hiroshima 

University. MALDI-TOF mass spectra were obtained on a Bruker Ultraflextreme 

instrument in positive mode, using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene] malononitrile as the matrix. Gel permeation chromatography (GPC) 

was performed on a Shimadzu LC-20AD system equipped with an SPD-20Adetector. 

Melting point (mp) was carried out Yanaco MP-500P. Microwave was performed on 

Biotage initiator+. Thermogravimetric analysis (TGA) was conducted using an SII 

EXSTARTG-DTA6200 thermal analyzer in the temperature range of 30 -600 ◦C with a 

heating rate of 10 °C min-1 in a nitrogen atmosphere. Differential scanning calorimetry 

(DSC) measurements was performed on a HITACHI DSC7000X analyzer under a 

nitrogen atmosphere, in which heating and cooling were performed at a rate of 10 °C 

min-1 in the temperature range of 30-250 °C. 

 
Synthesis 

 
Synthesis of DTzG-Sn 

To a solution of DTzG (0.38 g, 0.82 mmol) in THF (20 mL) was added a THF 

solution of LDA (1.8 mL, 1.8 mmol, 1.0 M) at -78 °C and the resulting mixture was 

stirred for 1 h at this temperature. Tributyltin chloride (0.62 g, 1.9 mmol) was then 

added into this solution at -78 °C. After stirring the mixture overnight at room 
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temperature, the solvent was evaporated under reduced pressure. The residue was 

directly purified by neutral alumina column chromatography with hexane: ethyl acetate 

= 10:1 as the eluent to afford DTzG-Sn in 80% yield (0.68 g, 0.66 mmol) as a yellow 

oil. 1H NMR (CDCl3) δ 1.69-1.49 (m, 12H), 1.43-1.11 (m, 52H), 0.95-0.75 (m, 24H); 
13C NMR (CDCl3) δ 174.10, 164.51, 141.05, 32.05, 31.83, 29.14, 29.10, 28.90, 27.17, 

25.28, 22.63, 14.31, 14.09, 13.64, 11.32. HRMS (APCI) m/z calcd for 

C46H88GeN2S2Sn2 [M+] 1044.3639, found 1044.3744.  

 

 
Synthesis of 5,5'-(2,5-dibromo-1,4-benzenediyl)bis(4-bromo-2-

triisopropylsilylthiazole) 

To a solution of 5-bromo-2-triisopropylsilyl thiazole (6.42 g, 20.0 mmol) in THF 

(50 mL) was added LDA (24.0 mmol, 1 M) at -78 °C and the resulting mixture was 

stirred for 30 min at this temperature. Zinc chloride (24 mmol, 1 M) was added to the 

reaction solution and further stirred at -78 °C for 1 h. Then, the reaction mixture was 

warmed to room temperature. After 1h stirring, 1,4-dibromo-2,5-diioobenzene (4.40 g, 

9.0 mmol) and Pd(PPh3)4 (1.14 g, 1.0 mmol) were added and the mixture was heated at 

70 °C overnight. The solvent was removed in vacuo and the residue was directly 

purified by column chromatography on silica gel with hexane: dichloromethane = 2:1 

as the eluent to afford the target compound in 50% yield (4.36 g, 5.0 mmol) as a white 

powder; mp = 170-172 °C. 1H NMR (CDCl3) δ 7.76 (s, 2H), δ 1.52-1.42 (sept, J = 7.6 

Hz, 6H), δ 1.19 (d, J = 7.6 Hz, 36H); 13C NMR (CDCl3) δ 172.64, 136.28, 134.36, 

131.94, 128.88, 123.27, 18.44, 11.57. HRMS (APCI) calcd for C30H44Br4N2S2Si2 [M+] 

871.9177, found 871.9293. 
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Synthesis of GIDTz-Sn 

GIDTz-Sn was synthesized in a manner similar to the synthesis of DTzG-Sn, by 

using GIDTz instead of DTzG in 85% yield as a yellow oil. 1H NMR (CDCl3) δ 7.56 

(s, 2H), 1.73-1.52 (m, 12H), 1.50-1.03 (m, 80H), 0.98 (t, J = 7.2 Hz, 18H), 0.83 (t, J = 

6.8 Hz, 12H); 13C NMR (CDCl3) δ 175.29, 163.62, 151.57, 144.00, 139.52, 128.57, 

32.82, 31.84, 29.20, 29.09, 28.92, 27.20, 25.33, 22.63, 14.39, 14.09, 13.66, 11.28. 

HRMS (APCI) calcd for C44H72Ge2N2S2 [M+] 1416.5677, found 1416.5730. 

 

 

Synthesis of 4,7-Di(thiazol-2-yl)benzo[c][1,2,5]thiadiazole (DTzBT) 

To a solution of 2-bromothiazole (3.28 g, 20.0 mmol) in Et2O (50 mL) was added 

a solution of n-BuLi (22.0 mmol, 1.6 M) in hexane at -78 ºC and the mixture was stirred 

for 1 h at this temperature. Tributyltin chloride (7.80 g, 24.0 mmol) was added to the 

mixture. After stirring for 1 h, the resulting mixture was warmed to room temperature 

and stirred overnight. The solvent was evaporated under reduced pressure to give crude 

tributylstannylthiazole that was used for the following reaction without purification. A 

mixture of tributylstannylthiazole thus prepared, 4,7-dibromo-2,1,3-benzothiadiazole 

(2.5 g, 10 mmol), Pd(PPh3)4 (0.65 g, 0.03 mmol), and toluene (40 mL) was heated to 

reflux overnight. The mixture was then cooled to room temperature, and the solvent 

was evaporated under reduced pressure. The residue was directly purified by column 

chromatography (eluent chloroform) to give the title compound as a yellow solid (0.78 

g, 25.8%); mp = 140-142 °C; 1H NMR (CDCl3) δ 8.76 (s, 2H), 8.07 (d, 2H), 7.63 (d, 

2H). 13C NMR (CDCl3): δ 161.89, 151.96, 143.40, 127.39, 126.54, 122.36. 

 

Synthesis of 4,7-Bis(5-bromothiazol-2-yl)benzo[c][1,2,5]thiadiazole (DTzBT-Br) 

To a solution of 4,7-di(thiazol-2-yl)benzo[c][1,2,5]thiadiazole (0.78 g, 2.6 mmol ) 

in chloroform (50 mL) and DMF (50 mL), NBS (1.1 g, 5.7 mmol) was added in several 

portions and the mixture was heated at 60 ºC for 24 h. The mixture was cooled to room 
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temperature and poured into 50 mL water. The aqueous phase was extracted with 

chloroform. Then the organic phases were dried with anhydrous sodium sulfate. The 

solvent was removed under reduced pressure and the crude products were washed using 

chloroform (10 mL) to give the title compound as a light red solid (0.8 g, 66.9%); mp 

= 268-270 °C; 1H NMR (CDCl3) δ 8.69 (s, 2H), 7.94 (s, 2H). HRMS (APCI) calcd for 

C12H4Br2N4S3 [M+] 459.7944, found 459.8013. 

 

 
Synthesis of PDTzG-BT 

A toluene (4 mL) solution of DTzG-Sn (0.40 g, 0.383 mmol), BT-Br (0.11 g, 0.383 

mmol), Pd2(dba)3 (8 mg, 0.007 mmol) as the catalyst, and P(o-tolyl)3 (0.014 g, 0.046 

mmol) as the ligand was sealed in a glass tube with a rubber stopper. The sealed tube 

was put into a microwave reactor and heated at 140 °C for 3 h. The reaction mixture 

was poured into 100 mL methanol, and the resultant precipitates were collected by 

filtration. The precipitates were washed by Soxhlet extraction with methanol, hexane, 

and dichloromethane. Finally, the residue was extracted with chloroform, and the 

chloroform solution of polymer was concentrated to 5 mL and reprecipitated in 

methanol. The polymer was collected by filtration and dried in vacuo (black solid, 156 

mg, 67.8% yield). 1H NMR (CDCl3) δ 9.03-8.64 (br, 2H), 2.03-0.96 (br, 28H), 0.93-

0.43 (br, 6H). The 13C NMR spectrum was not obtained because of the low solubility 

of the polymer. 

 

 
Synthesis of PGIDTz-BT 

A toluene (4 mL) solution of GIDTz-Sn (0.37 g, 0.26 mmol), BT-Br (0.076 g, 0.26 

mmol), Pd2(dba)3 (5.3 mg, 0.005 mmol) as the catalyst, and P(o-tolyl)3 (9.2 mg, 0.0312 
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mmol) as the ligand was sealed in a glass tube with a rubber stopper. The sealed tube 

was heated at 140 °C for 3 h in a microwave reactor. The reaction mixture was poured 

into 100 mL methanol, and the resultant precipitates were collected by filtration. The 

precipitates were washed by Soxhlet extraction with methanol, hexane, and 

dichloromethane. Finally, the residue was extracted with chloroform, and the 

chloroform solution of polymer was concentrated to 5 mL and reprecipitated in 

methanol. The polymer was collected by filtration and dried in vacuo (black solid, 146 

mg, 57.9% yield). 1H NMR (CDCl3) δ 8.85 (br s, 2H), 7.81 (br s, 2H), 1.54-0.94 (br m, 

56H), 0.90-0.75 (br s, 12H). The 13C NMR spectrum was not obtained because of the 

low solubility of the polymer. 

 

 
Synthesis of PDTzG-DTzBT 

A chlorobenzene (10 mL) solution of GIDTz-Sn (0.19 g, 0.18 mmol), DTzBT-Br 

(83 mg, 0.18 mmol), Pd2(dba)3 (3.3 mg, 0.0036 mmol) as the catalyst, and P(o-tolyl)3 

(6.6 mg, 0.0216 mmol) as the ligand were put into a three-necked flask under argon, 

and the flask was heated at 110 °C for 1 h in an oil bath. The reaction mixture was 

poured into 100 mL methanol, and the resultant precipitates were collected by filtration. 

The precipitates were washed by Soxhlet extraction with methanol, hexane 

dichloromethane, and chloroform. Finally, the residue was extracted with 

chlorobenzene, and the chlorobenzene solution of polymer was concentrated to 5 mL 

and reprecipitated in methanol. The polymer was collected by filtration and dried in 

vacuo (black solid, 30 mg, 21.8% yield). 1H NMR (CDCl3) δ 8.81 (br s, 2H), 8.43 (br 

s, 2H), 1.52-1.50 (br m, 8H), 1.41-1.08 (br s, 20H), 0.92-0.80 (br t, 6H). The 13C NMR 

spectrum was not obtained because of the low solubility of the polymer. 
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Synthesis of PGIDTz-DTzBT 

A chlorobenzene (5 mL) solution of GIDTz-Sn (0.103 g, 0.073 mmol), DTzBT-

Br (0.034 g, 0.073 mmol), Pd2(dba)3 (4.3 mg, 0.0036 mmol) as the catalyst, and P(o-

tolyl)3 (3.2 mg, 0.0087 mmol) as the ligand was sealed in a glass tube with a rubber 

stopper. The sealed tube was heated at 140 °C for 3 h in a microwave reactor. The 

reaction mixture was poured into 100 mL methanol, and the resultant precipitates were 

collected by filtration. The precipitates were washed by Soxhlet extraction with 

methanol and hexane. Finally, the residue was extracted with dichloromethane, and the 

dichloromethane solution of polymer was concentrated to 5 mL and reprecipitated in 

methanol. The polymer was collected by filtration and dried in vacuo (black solid, 55 

mg, 66.3% yield). 1H NMR (CDCl3) δ 8.79 (br, s, 2H), 8.41 (br s, 2H), 7.58 (br s, 2H), 

1.65-1.03 (br m, 56H), 0.93-0.52 (br m, 12H). The 13C NMR spectrum was not obtained 

because of the low solubility of the polymer. 

 

Figure 3.9. 1H NMR spectrum of PDTzG-BT 
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Figure 3.10. 1H NMR spectrum of PGIDTz-BT 

 

 
Figure 3.11. 1H NMR spectrum of PDTzG-DTzBT 
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Figure 3.12. 1H NMR spectrum of PGIDTz-DTzBT 

 

 
Figure 3.13. MALDI-TOF mass spectrum of PDTzG-BT (The red numbers represent the 
theoretical mass) 
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Figure 3.14. MALDI-TOF mass spectrum of PGIDTz-BT (The red numbers represent the 
theoretical mass) 

 
Figure 3.15. MALDI-TOF mass spectrum of PDTzG-DTzBT (The red numbers represent the 
theoretical mass) 
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Figure 3.16. MALDI-TOF mass spectrum of PGIDTz-DTzBT (The red numbers represent the 
theoretical mass) 

 

 
Figure 3.17. 1H NMR spectrum of DTzG-Sn 
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Figure 3.18. 13C NMR spectrum of DTzG-Sn 

 
Figure 3.19. 1H NMR spectrum of GIDTz-Sn 
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Figure 3.20. 13C NMR spectrum of GIDTz-Sn 
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Chapter 4: Dicyanovinyl-capped thiazologermoles with moderate donor-

acceptor interaction as visible photoluminescence turn-on sensors for 

primary amines 
 
1. Introduction 

Detecting amines has been an important topic in sensing technology research in 

the past decades, owing to widespread applications of amines in the field of materials 

and pharmaceutical chemistry, biology, and environmental science [89, 90]. Amines

play a key role as catalysts, organic bases, solvents, and raw materials in chemical 

reactions [91], and large amounts of amines are produced and used to meet these 

demands. However, amines in general are toxic compounds that can cause headaches, 

skin burns, and eye irritation upon contact or ingestion [92, 93]. Thus, leakage of excess 

amines into the atmosphere is detrimental to public health and the environment [94]. In 

particular, some primary amines are known to modulate the essential metabolic and 

physiological functions of living organisms, and their contamination in food and 

drinking water is a serious concern [95, 96]. For these reasons, new materials for the 

detection of amines, in addition to some anions such as I-, F-, and CN- that are also 

harmful to human health [97-99], are highly desired. 

PL sensing of amines and some halide ions using organic π-conjugated materials 

has been well studied as a low-cost, rapid-response, and susceptible and selective 

sensing method [100-102]. An effective strategy for designing PL sensor materials is 

based on intramolecular D–A interaction to promote ICT. Interactions of amines and 

halide ions with a D–A unit of PL materials cause the change of ICT behavior, which 

leads to susceptible changes in PL color and intensity [103, 104]. π-Conjugated 

compounds functionalized by a dicyanovinyl (DCV) group have been examined for use 

as n-type organic semiconductors and PL materials [105-108]. The DCV group is a 

strong electron acceptor and can be readily introduced to π-conjugated systems to 

promote ICT behavior. Based on these properties, some compounds containing DCV 

groups have been applied in organic electroluminescence [109], organic thin-film 
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transitions [52], organic-light emitting diodes [110] and organic solar cells [111, 112]. 

In addition, some compounds also exhibit aggregation-induced emission behaviors for 

the application in biological imaging [113]. Moreover, the DCV group readily reacts 

with nucleophiles, leading to a less electron–accepting group. This suppresses the ICT 

behavior, changing photophysical properties, thereby responding to nucleophilic anions 

and amines [105, 114-116]. Some DCV-based compounds, such as 2-([5’-(piperidin-1-

yl)(2,2’-bithiophen)-5-yl]methylene)malononitrile [93], (2-[4’-(7,8,13,14-

tetrahydrodibenzo[a,i]phenanthridin-5-yl)(1,10-biphenyl)-4-

yl]methylene)malononitrile [117], and dibromophenylaminobenzylidenemalononitrile 

[118], have been reported to serve as selective PL sensors that react only with primary 

amines. Given their selectivity, DCV-based compounds are useful for identifying 

primary amines from secondary and tertiary amines [91, 119, 120]. 

Enhanced ICT causes spectral shifts to longer wavelengths; this usually decreases 

the PL quantum efficiency owing to the dominant non-radiative decay [121]. It is thus 

worth paying attention to the decrease in D–A interaction appropriately to obtain PL 

materials with a sufficient quantum efficiency for sensitive sensing. Previous studies 

have disclosed that employing thiazole, which has weak electron-donating properties, 

instead of thiophene as the donor can efficiently weaken the intramolecular D–A 

interaction [35, 122, 123]. For instance, CDTz- and IDTz-based compounds have been 

reported to show blue shifts in the absorption spectra, compared with CDT- and IDT-

based congeners by suppressing the D–A interactions [32, 33, 37]. The structures of 

CDT, CDTz, IDT, and IDTz units and copolymers based on these units are shown in 

Chart 4.1.  
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Chart 4.1. Structures of monomers CDT-, CDTz-, IDT-, IDTz, and their copolymers. 

 

The author previously reported that DTzG and GIDTz have high planarity and 

weak electron-donating properties [85]. In the Chapter, the author designed and 

prepared DCV-capped DTzG and GIDTz (DTzG-DCV and GIDTz-DCV, respectively) 

as new D–A PL materials. As expected, both DTzG-DCV and GIDTz-DCV exhibited 

the photo-induced ICT from the thiazologermole unit to the DCV group with 

moderately high PL quantum efficiencies, and served as selective sensors for fluoride 

and iodide ions as well as primary amines. 
 
2. Results and discussion 

2.1.  Synthesis and characterization 
 

 
Scheme 4.1. Synthesis of DCV-capped thiazologermoles. 

 

DTzG-DCV and GIDTz-DCV were synthesized by the Stille coupling reactions 

of DTzG-Sn and GIDTz-Sn [124] with 5-bromo-2-dicyanovinylthiophene [125] in 50% 
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and 70% yields, respectively (Scheme 4.1). Their NMR and mass spectra were shown 

in Figures 4.16-4.19 and 2.24-2.25, respectively. Detailed synthetic procedures and 

characterization are described in the Supporting Information. TGA of DTzG-DCV and 

GIDTz-DCV at a heating rate of 10 ºC/min from room temperature to 550 ºC in a 

nitrogen atmosphere revealed good thermal stability with a 5% mass loss, at Td
5 = 375 

ºC and 414 ºC, respectively (Figure. 4.1). 

 

 

Figure 4.1. TGA curves of DTzG-DCV and GIDTz-DCV in nitrogen. 

 

2.2. Optoelectronic properties 
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Figure 4.2. UV-vis absorption spectra of DTzG-DCV (a) and GIDTz-DCV (b) in 

various solvents (1 × 10-5 M), color changes of DTzG-DCV (c) and GIDTz-DCV (d) 

under irradiation with a portable UV lamp at 365 nm, and PL spectra of DTzG-DCV (e) 

and GIDTz-DCV (f) in various solvents. 

 

The UV-vis spectra of DTzG-DCV and GIDTz-DCV are presented in Figures. 

4.2(a) and (b), respectively. In all solvents, the major absorption bands were observed 

around 500 nm, which were ascribed to the HOMO–LUMO transition as confirmed by 

time-dependent density functional theory (TD-DFT) calculations at the B3LYP/6-31G 

level (Figure 4.3). In CHCl3, the absorption edges of DTzG-DCV and GIDTz-DCV 

were observed at 613 and 601 nm, respectively, with optical band gaps (Eg
opt) of 2.02 

and 2.06 eV (as shown in Table 4.1), respectively. These findings were also consistent 
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with the results of DFT calculations predicting a smaller HOMO–LUMO gap for 

DTzG-DCV, as described below. The absorption maximum of DTzG-DCV in CHCl3 is 

blue-shifted by 29 nm from that of a dithienosilole analogue (Chart 4.2), which is due 

to the introduction of DTzG weakening D-A interaction [44]. The absorption maxima 

(λmax) of DTzG-DCV and GIDTz-DCV in the cast film were red-shifted by 45 and 37 

nm, respectively, relative to those in toluene, suggesting enhanced planarity in the solid 

state. No clear solvatochromic behaviors were observed in the DTzG-DCV and GIDTz-

DCV absorption spectra. 

 

 
Figure 4.3. Result of TD-DFT calculation of GIDTz-DCV. 

 

Table 4.1 

Optical and electrochemical properties of thiazologermole-based derivatives. 

Compound λmax/nma λem/nma Φb Eg
opt/eVc ELUMO/eVd EHOMO/eVe 

DTzG-DCV 530 616 0.15 2.02 -3.68 -5.70 
GIDTz-DCV 524 626 0.41 2.06 -3.55 -5.61 
DTzG-imine 453 546 0.34 2.42 /f /  
GIDTz-imine 446 531 0.73 2.43 / f / 

aIn CHCl3 at room temperature. 
bFluorescence quantum yield.  
cEg

opt = 1240/absorption edge.  
dELUMO = - (Ered

onset + 4.80) eV with Fc/Fc + as external standard.  
eEHOMO = ELUMO - Eg

opt.  
fNo cathodic peaks were detected. 
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Chart 4.2. Structure of DCV-substituted dithienosilole. 

 

 

Figure 4.4. PL spectra of DTzG-DCV and GIDTz-DCV in solid states. 

 

DTzG-DCV and GIDTz-DCV displayed different PL colors depending on the 

solvent under irradiation with a portable UV lamp at 365 nm, as shown in Figures. 4.2(c) 

and (d), respectively. The corresponding PL spectra are shown in Figures. 4.2(e) and (f) 

and the data are summarized in Table 4.2. Apparent red shifts of the emission maxima 

(λem) were observed with increasing solvent polarity (toluene < THF < CHCl3 < DMF), 

demonstrating the ICT properties of DTzG-DCV and GIDTz-DCV in the photo-excited 

state. The differences in PL wavelength between toluene and DMF were 41 and 108 nm 

for DTzG-DCV and GIDTz-DCV, respectively, suggesting that GIDTz-DCV shows 

more enhanced ICT behavior than DTzG-DCV. Similar to the absorption spectra, the 

emission maxima of DTzG-DCV and GIDTz-DCV in the solid state appeared in the 

longer wavelength region than in the solution state, at 762 and 710 nm, respectively 

(Figure 4.4). This again indicated the packing effects of these compounds in the solid 
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state. The PL quantum efficiencies of DTzG-DCV and GIDTz-DCV were also 

determined, as listed in Table 1. GIDTz-DCV exhibited a higher PL quantum yield than 

DTzG-DCV, likely reflecting the higher skeletal rigidity of GIDTz-DCV compared 

with DTzG-DCV. 

 

Table 4.2. PL quantum yield, emission and absorption maxima of thiazologermole-

based derivatives in different solvents. 

Compound λmax/ 
nma 

λem/ 
nma (Φb) 

PhMe THF CHCl3 DMF PhMe THF CHCl3 DMF 

DTzG-DCV 518 518 530 523 628 (0.38) 638 (0.32) 616 (0.15) 669 (0.03) 

GIDTz-DCV 506 508 524 516 578 (0.55) 630 (0.46) 626 (0.41) 686 (0.05) 

DTzG-imine 454 452 453 453 543 538 546 (0.34) 544 

GIDTz-imine 444 442 446 444 527 528 531 (0.73) 529 

a At room temperature. 
b Fluorescence quantum yield. 

 

Table 4.3 

UV–Visible absorption and fluorescence properties of DTzG-DCV and GIDTz-DCV in 

various solvents. 

Solvent Δf 
a DTzG-DCV  GIDTz-DCV 

λem 
/nm 

λmax 
/nm 

Stoke’s 
Shift b /cm-1 

 λem 
/nm 

λmax 
/nm 

Stoke’s 
Shift b /cm-1 

CH2Cl2 0.22 647 529 3447  651 522 3796 

THF 0.21 638 518 3631  630 508 3812 

CHCl3 0.15 616 530 2634  626 524 3109 

EtOAc 0.20 629 513 3594  623 504 3789 

Acetone 0.28 651 516 4018  672 509 4765 

DMF 0.27 669 523 4172  686 516 4802 

a Orientation Polarizability. 
b Stoke’s shift = 1/λmax – 1/λem. 

 

In order further understand the difference of ICT behaviors between DTzG-DCV 

and GIDTz-DCV, the Lippert-Mataga plots were obtained as shown in Figure 4.5 based 



63 

on optical parameters listed in Table 4.3. From the slopes of the Lippert-Mataga plots, 

the difference of the dipole moments in the excited (μE) and the ground state (μG) were 

estimated to be Δ(μE - μG) = 14.5 D and 23.0 D for DTzG-DCV and GIDTz-DCV, 

respectively, using Lippert-Mataga equation [126], suggesting that GIDTz-DCV has a 

stronger D-A interaction than DTzG-DCV [117]. 

 

 
Figure 4.5. Lippert-Mataga plots for DTzG-DCV (a) and GIDTz-DCV (b). Onsager 

cavity radii were obtained from DFT calculations at the B3LYP/6-31G level to be 5.86 

Å for DTzG-DCV and 7.35 Å for GIDTz-DCV. 

 

Figure 4.6. Cyclic voltammograms of DTzG-DCV and GIDTz-DCV (0.1 M 
nBu4NClO4 in CH2Cl2, with ferrocene/ferrocenium (Fc/Fc+) as the external standard, 

using a Pt disk as the working electrode, a Pt plate as the counter electrode, and an Ag 

wire as the reference electrode). 

The electrochemical properties of DTzG-DCV and GIDTz-DCV were 
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investigated using cyclic voltammograms, as shown in Figure 4.6. DTzG-DCV and 

GIDTz-DCV presented clear but irreversible reduction peaks. The LUMO energy levels 

(ELUMO) were calculated to be -3.68 and -3.55 eV, respectively, based on their reduction 

onset potentials of -0.70 V for DTzG-DCV and -0.83 V for GIDTz-DCV. Because 

DTzG-DCV and GIDTz-DCV showed relatively weak oxidation peaks, the HOMO 

energy levels (EHOMO) were determined from the equation EHOMO = ELUMO - Eg
opt to be 

-5.70 and -5.61 eV, respectively. Compared with the ELUMO of DTzG (-2.27 eV) and 

GIDTz (-2.36 eV) [85], the ELUMO of DTzG-DCV and GIDTz-DCV were considerably 

lower (by 1.41 and 1.19 eV, respectively), suggesting that the DCV group possesses 

strong electron-withdrawing properties. 

 

2.3. Response to nucleophiles 

 

 

Figure 4.7. Photograph taken under portable UV lamp irradiation at 365 nm (a), and 

PL spectra (b, c) of DTzG-DCV and GIDTz-DCV in THF (1 × 10-5 M) showing PL 

color and spectral changes in the presence of TBAF, TBAI, and NBA (1 × 10-2 M). 
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Figure 4.8. Photographs of DTzG-DCV and GIDTz-DCV in THF showing the color 

changes upon addition of TBAF (2 eq), TBACl (15 eq), TBABr (15 eq), TBAI (15 eq) 

and NBA (excess) under roomlight. 

 

Given the reactivity of the DCV group toward nucleophiles, DTzG-DCV and 

GIDTz-DCV were expected to be useful as fluorescent sensors for halogen ions and 

amines. We first investigated whether PL color changes when halide anions and amines 

were added to DTzG-DCV and GIDTz-DCV in THF. As shown in Figure 4.7(a), the 

addition of tetrabutylammonium fluoride (TBAF), tetrabutylammonium iodide (TBAI), 

and n-butylamine (NBA) to the THF solutions of DTzG-DCV and GIDTz-DCV (1 × 

10-5 mol/L) induced changes in PL color from red to yellow/green. The PL color 

changes were observed even under room light (Figure 4.8). These color changes 

proceeded quickly reaching the steady state within 5 min at room temperature. However, 

no color changes were observed when tetrabutylammonium chloride (TBACl) and 

tetrabutylammonium bromide (TBABr) were added, suggesting that DTzG-DCV and 

GIDTz-DCV can be used for the selective sensing of fluoride and iodide ions. The UV-

vis and PL spectra of DTzG-DCV and GIDTz-DCV showed no changes in the presence 

of TBACl (15 eq) and TBABr (15 eq) (Figure 4.9). In the presence of TBAF (2 eq), 

TBAI (15 eq), and NBA (excess), however, apparent blue shifts were observed in the 

UV-vis and PL spectra (Figures 4.7(b), (c) and 4.9). The 1H NMR spectra of DTzG-

DCV and GIDTz-DCV measured in the presence of fluoride and iodide ions presented 

complex signals from which no mechanistic information regarding color and spectral 

changes could be obtained. However, the mass and infrared (IR) spectra suggested the 

formation of formyl groups, as shown in Figures 4.10-4.11, possibly by a retro-
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Knoevenagel reaction, although the reactions did not complete even after 3 h. A similar 

reaction of a DCV group by the interaction with TBAF has been already reported [116]. 

 

Figure 4.9. PL (a, b) spectra of DTzG-DCV and GIDTz-DCV in THF before and after 

the addition of TBACl and TBABr. UV-vis (c, d) spectra of DTzG-DCV and GIDTz-

DCV in THF before and after the addition of TBAF, TBACl, TBABr, TBAI, and NBA. 

The spectra of DTzG-DCV/GIDTz-DCV (blank), and those after addition of TBACl, 

TBABr are overlapped. 

 

 

Figure 4.10. IR spectra of DTzG-DCV and GIDTz-DCV on addition of TBAF and 

TBAI. 
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Figure 4.11. Mass spectra of DTzG-DCV and GIDTz-DCV on addition of TBAF and 

TBAI. 
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Scheme 4.2. Formation of DTzG-imine and GIDTz-imine. 

 

 

Figure 4.12. UV-vis (a, b) and PL (c, d) spectra of DTzG-imine and GIDTz-imine in 

various solvents. 

 

The reactions of DTzG-DCV and GIDTz-DCV with NBA proceeded cleanly 

(Scheme 4.2). DTzG-imine and GIDTz-imine were isolated from large-scale reaction 

mixtures of DTzG-DCV and GIDTz-DCV with NBA in 92% and 96% yields, 

respectively. The NMR and mass spectra of the products (i.e., DTzG-imine and GIDTz-

imine) revealed that the DCV groups of DTzG-DCV and GIDTz-DCV had been 
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replaced by imine groups (-C=N), as shown in Figures 4.20-4.23 and 4.26-4.27, 

respectively. The UV-vis and PL spectra of DTzG-imine and GIDTz-imine measured 

in different solvents were nearly the same, indicating that no ICT was involved for the 

cases of DTzG-imine and GIDTz-imine, in contrast to those of DTzG-DCV and 

GIDTz-DCV, as shown in Figure 4.12 and Table 4.2. This is due to the weaker electron-

withdrawing properties of the imine groups than the DCV groups, which is not enough 

to generate ICT behaviors as reported previously [29]. Moreover, DTzG-imine and 

GIDTz-imine showed stronger PL quantum yields than their corresponding DCV-

capped counterparts, suggesting that DTzG-DCV and GIDTz-DCV can serve as PL 

turn-on sensors for the detection of primary amines. 

 

2.4. DFT calculations 

 

 

Figure 4.13. LUMO and HOMO diagrams and energy levels of DTzG-DCV, GIDTz-

DCV, DTzG-imine, and GIDTz-imine, derived from DFT calculations at the B3LYP/6-

31G(d,p) level, with alkyl chains replaced by methyl groups to reduce the calculation 

time. 

To further investigate the ICT behavior of DTzG-imine and GIDTz-imine, DFT 

calculations were performed at the B3LYP/6-31G(d,p) level of theory on the models in 

which the alkyl substituents were replaced by short methyl groups. The LUMOs of 

GIDTz-DCV and DTzG-DCV were more localized on the DCV groups than the 
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HOMOs, suggesting the ICT behavior (Figure 4.13). In addition, the simulated HOMO 

and LUMO energy levels ELUMO
cal and EHOMO

cal of DTzG-DCV (-3.59 and -5.91 eV) 

and GIDTz-DCV (-3.36 and -5.74 eV) were lower than those of DTzG-imine (-2.63 

and -5.37 eV) and GIDTz-imine (-2.29 and -5.10 eV), respectively, possibly owing to 

the stronger electron-withdrawing properties of the DCV groups than the imine groups. 

Moreover, compared with the band gaps (Eg
cal) of DTzG-DCV (2.32 eV) and GIDTz-

DCV (2.38 eV), the Eg
cal of DTzG-imine (2.74 eV) and GIDTz-imine (2.81 eV) were 

increased by 0.42 and 0.43 eV, respectively. This is in good agreement with the 

experimental Eg
opt values of these compounds (Table 4.1). The backbones of these 

compounds showed good planarity, with a dihedral angle of approximately 0º between 

the thiophene and thiazologermole units, possibly resulting from the noncovalent 

interaction between the thiophene S atom and the thiazole N atom, as evidenced by the 

S–N distance (3.04 Å); this distance is shorter than the sum of the van der Waals radii 

of the S and N atoms (3.35 Å) [35] (Figure 4.14).

 

 
Figure 4.14. Optimized structures of DTzG-DCV and GIDTz-DCV models from 

different viewing directions. 

 
3. Paper test for alkylamines 
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Figure 4.15. DTzG-DCV and GIDTz-DCV on filter papers showing color changes 

upon addition of tertiary amines, secondary amines, and primary amines under UV light 

irradiation at 365nm (top) and visible light (bottom). 

 

As amines are common chemical reagents and raw materials used in the chemical 

industry, it is necessary to recognize quickly the types of amines when they are leaked. 

As the DCV-capped thiazologermoles DTzG-DCV and GIDTz-DCV readily reacted 

with primary amines, we examined their direct solid-state reactions for the selective 

sensing of primary amines, which have many advantages (e.g., solvent-free, simple 

operation, and low cost). Simple sensors were created by writing the letter “Y” with the 

solutions of DTzG-DCV and GIDTz-DCV on filter papers (Figure 4.15). After the filter 

papers were air-dried, a drop of amine was directly added to the “Y” portion of the 

sensors. Significant changes in PL color were immediately observed by the naked eye, 

turning from red to yellow/green under UV light irradiation at 365 nm, upon the 

addition of primary alkylamines. These color changes were also visible under room 

light. No changes were observed when the filter papers were exposed to amine vapors 

under ambient conditions. In contrast, no PL color changes were observed when tertiary 
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and secondary amines, except for diethylamine, were added. As for diethylamine, 

although the color changes were observed under room light, they were much less 

obvious than those observed for primary amines under UV light irradiation; thus, it was 

possible to differentiate diethylamine from butylamine and hexylamine. We suspected 

that some reactions occurred between diethylamine and DTzG-DCV and GIDTz-DCV 

in solution, but the 1H NMR and mass spectra of the reaction mixtures were too 

complex to provide any information on the resulting products.  

 

4. Conclusions  

 

We have synthesized and characterized new DCV-capped PL compounds, DTzG-

DCV and GIDTz-DCV, which exhibited remarkable solvatochromism with respect to 

the PL spectra owing to their ICT behavior in the photo-excited state. The DFT 

calculations revealed that GIDTz-DCV exhibits enhanced ICT behavior due to the more 

localized LUMO distribution, compared with DTzG-DCV. In addition, both DTzG-

DCV and GIDTz-DCV in solution responded to TBAF, TBAI, and NBA via changes in 

PL color with a shift from long to short wavelengths, as a result of the nucleophilic 

reactions of the DCV groups. To obtain more information on the nucleophilic reactions, 

DTzG-imine and GIDTz-imine were isolated from the reactions of DTzG-DCV and 

GIDTz-DCV with NBA, respectively; their UV-vis and PL spectra exhibited no 

apparent solvatochromic behavior. Furthermore, filter papers containing DTzG-DCV 

and GIDTz-DCV were prepared and used as sensors to examine whether primary 

amines could be distinguished from secondary and tertiary amines by the change of PL 

color, which is triggered in response to only primary amines and is observable by the 

naked eye under irradiation with a portable UV lamp at 365 nm.  
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General consideration 

 

All reactions were carried out in dry argon. Diethyl ether (Et2O), N,N-

dimethylformamide (DMF), toluene, and tetrahydrofuran (THF) that were used as the 

reaction solvents were distilled from CaH2 and stored over activated molecular sieves 

in the dark until use. All organic amines and ammonium halides were obtained from 

Tokyo Chemical Industry Co., Ltd and were used without further purification. DTzG-

Sn, GIDTz-Sn and 5-bromo-2-dicyanovinylthiophene were prepared as reported in the 

literature. NMR spectra were recorded on a Varian 400-MR spectrometer. UV-vis 

absorption and PL (photoluminescence) spectra were measured on Hitachi U-2910 and 

HORIBA FluoroMax-4 spectrophotometers, respectively. PL quantum yields were 

determined on a HORIBA FluoroMax-4 spectrofluorometer using a calibrated 

integrating sphere system. The Lippert- Mataga plots were constructed by using the 

relation, νfl = νab – ଶ∆୦ୡయ(μE – μG)2 + const, where ∆݂ = ఌିଵଶఌାଵ – మିଵସమାଶ. While the slope 

is, Slope = ଶ∆୦ୡయ(μE – μG)2, where a is Onsager cavity radius, n and ε are the refractive 

index and the dielectric constant of the solvent, νfl and νab are the fluorescence and 

absorption wavelength (expressed in cm-1 unit), μE and μG the dipole moment 

(expressed in Debye unit) in the excited and the ground state, respectively. Singlet-

singlet annihilation leading to a charge-transfer intermediate in chromophore-end-

capped pentaphenylenes. Fourier transform infrared (FTIR) spectroscopy was 

performed on a Shimadzu IRAffinity-1 spectrometer. APCI-mass spectra were obtained 

by a Thermo Fisher Scientific LTQ Orbitrap XL spectrometer at N-BARD, Hiroshima 

University. Melting points of solid products were determined using a Yanaco MP-500P 

melting point meter. Microwave irradiation for Stille reactions was performed on a 

Biotage initiator+ microwave reactor. Thermogravimetric analysis (TGA) was 

conducted using an SII EXSTARTG-DTA6200 thermal analyzer in the temperature 

range of 25 - 570 ◦C with a rate of 10 ◦C min -1 in nitrogen atmosphere.  

Synthesis 
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Synthesis of DTzG-DCV 

A toluene (6 mL) solution of DTzG-Sn (0.46 g, 0.44 mmol), 5-bromo-2-

dicyanovinylthiophene (0.22 g, 0.88 mmol), Pd2(dba)3 (20 mg, 0.022 mmol), and P(o-

tolyl)3 (16 mg, 0.053 mmol) was placed in a tightly sealed tube with a rubber stopper. 

The sealed tube was heated at 140 ºC for 4 h by microwave irradiation. The reaction 

mixture was allowed to room temperature. Then, the solvent was removed under 

reduced pressure and the crude products were purified by column chromatography on 

silica gel with chloroform as the eluent to obtain the target compound in 50% yield 

(green solid, 172 mg, mp = 204-209 °C). 1H NMR (CDCl3) δ 7.80 (s, 2H), 7.75 (d, J = 

4.0 Hz, 2H), 7.60 (d, J = 4.0 Hz, 2H), 1.53-1.43 (m, 8H), 1.33-1.14 (m, 20H), 0.82 (t, J 

= 6.4 Hz, 6H). 13C NMR (CDCl3) δ 166.90, 160.08, 149.94, 147.35, 140.10, 138.84, 

135.82, 126.69, 113.87, 113.01, 78.38, 32.51, 31.77, 29.17, 29.00, 25.11, 22.62, 14.20, 

14.08. HRMS (APCI) calcd for C38H40GeN6S4 [M+] 782.1429, found 782.1409. 

Synthesis of GIDTz-DCV 

A toluene (5 mL) solution of GIDTz-Sn (0.39 g, 0.27 mmol), 5-bromo-2-

dicyanovinylthiophene (0.13 g, 0.55 mmol), Pd2(dba)3 (10 mg, 0.025 mmol), and P(o-

tolyl)3 (10 mg, 0.033 mmol) was placed in a tightly sealed tube with a rubber stopper. 

The sealed tube was heated at 140 ºC for 4 h by microwave irradiation. The reaction 

mixture was allowed to room temperature. Then, the solvent was removed under 

reduced pressure and the crude products were purified by column chromatography on 

silica gel with chloroform as the eluent to obtain the target compound (0.22 g ,0.19 

mmol) was obtained in 70% yield as a dark red solid, mp = 179-182 °C. 1H NMR 

(CDCl3) δ 7.80 (s, 2H), 7.76 (d, J = 4.0 Hz 2H), 7.63-7.53 (m, 4H), 1.54-1.13 (m, 56H), 
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0.83 (t, J = 6.4 Hz, 12H); 13C NMR (CDCl3) δ 164.82, 160.04, 151.01, 150.01, 148.21, 

144.85, 139.55, 138.80, 135.46, 128.35, 126.55, 114.00, 113.09, 77.96, 32.78, 31.81, 

29.22, 29.04, 25.24, 22.64, 14.30, 14.09. HRMS (APCI) calcd for C60H76Ge2N6S6 [M+] 

1156.3438, found 1156.3485. 

 

 
Synthesis of DTzG-imine 

Excess NBA was added to the flask containing DTzG-DCV (11.4 mg, 0.015 mmol) 

without solvent. After 5 min, the mixture was directly purified by column 

chromatography on silica gel with hexane/Et3N as the eluent to obtain the target 

compound (11.0 mg, 0.014 mmol) in 92% yield as a viscous yellow oil. 1H NMR 

(CDCl3) δ 8.32 (s, 2H), 7.47 (d, J = 4.0 Hz, 2H), 7.24 (d, J = 4.0 Hz, 2H), 3.60 (t, J = 

6.8 Hz, 4H), 1.68 (quint, J = 7.2 Hz, 4H), 1.54-1.33 (m, 12H), 1.31-1.10 (m, 20H), 0.95 

(t, J = 7.2 Hz, 6H ), 0.82 (t, J = 7.2 Hz, 6H ); 13C NMR (CDCl3) δ 164.23, 161.75, 

153.28, 143.96, 139.62, 138.19, 129.96, 125.88, 61.05, 32.92, 32.47, 31.77, 29.14, 

29.02, 25.12, 22.57, 20.39, 14.18, 13.97, 13.79. HRMS (APCI) calcd for 

C40H58Ge2N4S4 [M+] 796.2756, found 796.2832. 

 

 
Synthesis of GIDTz-imine 

Excess NBA was added to the flask containing GIDTz-DCV (14.5 mg, 0.013 mmol) 

without solvent. After 5 min, the mixture was directly purified by column 

chromatography on silica gel with hexane/Et3N as the eluent to obtain the target 

compound (14.0 mg, 0.012 mmol) in 96% yield as a viscous yellow oil. 1H NMR 

(CDCl3) δ 8.33 (s, 2H), 7.52 (s, 2H), 7.50 (d, J = 4.0 Hz, 2H), 7.25 (d, J = 4.0 Hz, 2H), 

3.60 (t, J = 7.2 Hz, 4H), 1.73-1.64 (quint, 4H), 1.57-1.47 (m, 8H), 1.43-1.16 (m, 52H), 
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0.95 (t, J = 7.2 Hz, 6H ), 0.83 (t, J = 7.2 Hz, 12H ); 13C NMR (CDCl3) δ 163.00, 162.25, 

153.33, 148.80, 143.99, 143.78, 140.12, 139.53, 129.94, 127.73, 125.86, 61.05, 32.94, 

32.74, 31.79, 31.52, 29.17, 29.04, 25.24, 20.39, 14.33, 13.97, 13.80. HRMS (APCI) 

calcd for C62H94Ge2N4S4 [M+] 1168.4794, found 1168.4889. 
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Figure 4.16. 1H NMR spectrum of DTzG-DCV. 

 
Figure 4.17. 13C NMR spectrum of DTzG-DCV. 
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Figure 4.18. 1H NMR spectrum of GIDTz-DCV. 

Figure 4.19. 13C NMR spectrum of GIDTz-DCV. 
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Figure 4.20. 1H NMR spectrum of DTzG-imine. 

 

Figure 4.21. 13C NMR spectrum of DTzG-imine. 
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Figure 4.22. 1H NMR spectrum of GIDTz-imine. 

 

 
Figure 4.23. 13C NMR spectrum of GIDTz-imine. 
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Figure 4.24. APCI-TOF mass spectrum of DTzG-DCV. 

Figure 4.25. APCI-TOF mass spectrum of GIDTz-DCV. 
 

Figure 4.26. APCI-TOF mass spectrum of DTzG-imine. 
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Figure 4.27. APCI-TOF mass spectrum of GIDTz-imine. 
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Chapter 5: Conclusions 

 

In conclusion, the author proposed new strategies to synthesize weak electron-

donor compounds by replacing thiophene units of conventional conjugated systems by 

thiazole. Thiazole-condensed germoles (DTzG and GIDTz) thus prepared are basically 

electron donors but showed enhanced electron-withdrawing properties compared with 

the parent thiophene compounds. DTzG and GIDTz were applied for the synthesis of 

new n-type conjugated polymers and fluorescent sensing materials. 

In Chapter 2, the author successfully prepared dithiazole-condensed single 

germole and double germole compounds and investigated their electrochemical and 

optical properties. The single-crystal structure of brominated GIDTz exhibits close 

intermolecular stacking. DFT calculations revealed that the HOMO and LUMO energy 

levels of the thiazole-condensed germoles are low in comparison with those of the 

thiophene-condensed germole congeners reported previously. 

In Chapter 3, the author prepared new D-A type polymers containing thiazole-

condensed germoles as the donor and BT and DTzBT as the acceptor and investigated 

their optical and electrochemical properties. The ICT behaviors of these polymers were 

also examined by PL measurements in different solvents. DFT calculations revealed 

that the HOMO/LUMO energy levels of DTzG- and GIDTz-based polymers are lower 

than those of previously reported thiophene-based congeners. In addition, 

DTzG/GIDTz and the adjacent BT unit exhibited high coplanarity because of 

intramolecular noncovalent S‒N and N‒H interactions. It was also indicated that 

replacing cyclopentadiene by germole and introducing thiazole units in place of 

thiophene units markedly lowered the HOMO/LUMO energy levels, revealing the 

possible tuning of the electronic states of the polymers by element-based molecular 

design. PGIDTz-BT, PDTzG-BT, PGIDTz-DTzBT, and PDTzG-DTzBT with low-

lying FMOs are excellent candidates for n-type semiconductor materials. 

In Chapter 4, the author synthesized and characterized new DCV-capped PL 

compounds, DTzG-DCV and GIDTz-DCV, which exhibited remarkable 
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solvatochromism with respect to the PL spectra owing to their ICT behavior in the 

photo-excited state. In addition, both DTzG-DCV and GIDTz-DCV in solution 

responded to TBAF, TBAI, and NBA via changes in PL color with a shift from long to 

short wavelengths, as a result of the nucleophilic reactions of the DCV groups. To 

obtain more information on the nucleophilic reactions, DTzG-imine and GIDTz-imine 

were isolated from the reactions of DTzG-DCV and GIDTz-DCV with NBA, 

respectively; their UV-vis and PL spectra exhibited no apparent solvatochromic 

behavior. Furthermore, filter papers containing DTzG-DCV and GIDTz-DCV were 

prepared and used as sensors to examine whether primary amines could be 

distinguished from secondary and tertiary amines by the change of PL color, which is 

triggered in response to only primary amines and is observable by the naked eye under 

irradiation with a portable UV lamp at 365 nm. 

On the basis of the abovementioned results, the author developed strategies to 

enhance the electron-withdrawing properties of germoles-based compounds by the 

introduction of thiazole units appropriately. The resultant compounds all showed lower 

LUMO energy levels than previously reported thiophene-based congeners. These are 

expected as weak donors for the construction of optoelectronic materials with weak 

donor-acceptor interaction for enhancing the n-type semiconducting properties and 

tuning the fluorescent behaviors. 
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