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Abstract 

The Pd-complex-catalyzed polymerization of 2,7-dibromo-9,9-dihexylfluorene, 
2,5-dibromo-3-hexylthiophene, and 1,4-dibromo-2,5-dioctyloxybenzene with       
3,5-diethynyl-4-methoxy[1,1';4',1'']terphenyl afforded poly(aryleneethynylene)s 
(PAEs), Polymer-1, Polymer-2, and Polymer-3, respectively; the Pd-complex-
catalyzed polymerization of the same with 1,3-diethynylbenzene afforded PAEs, 
Polymer-4, Polymer-5, and Polymer-6, respectively. A model compound, Model-1, 
was synthesized by the reaction of 3,5-dibromo-4-methoxy[1,1';4',1'']terphenyl 
with ethynylbenzene in a 1:2 molar ratio. UV-vis measurements revealed that 
the -π conjugation system of the polymer chain is interrupted at the                

m-phenylene group. The polymers and the model compound were 
photoluminescent in solution. The polymers received electrochemical oxidation 
in film; these polymers exhibited electrochromism and showed good thermal 
stability. 
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1. Introduction 

Poly(aryleneethynylene)s (PAEs) have attracted considerable attention 
owing to their high fluorescence, chemical stability, and easy synthesis by 
either the Heck-Cassar-Sonogashira coupling reaction or by alkyne 
metathesis [2-4, 19]. Long alkyl chains were introduced in a PAE with a 
rigid-rod conformation to make it soluble in organic solvents; this 
solubility was considerably low in case of the PAE without long alkyl 
chains. m-Phenylene linkage can also be introduced in a PAE to reduce 
the rigid-rod conformation of the polymer chain, and hence, improve 
solubility of the PAE [5, 7, 12, 15]. In addition, deviation from a rigid-rod 
conformation will have a substantial effect on molecular packing and may 
improve the amorphous solid state of PAE. It is known that -π conjugated 

polymers in amorphous state exhibit a higher EL efficiency than polymer 
with significant crystallinity [14].  

Oligo(p-phenylene)s (OPPs) are an important class of -π conjugated 

oligomers because they serve as luminophores in light-emitting materials 
[1, 6, 8, 9, 11, 16]. Therefore, introduction of an OPP at the m-phenylene 
linkage in a PAE may improve the processibility and luminescence 
behaviour of the material. In this study, we synthesized a new monomer, 
3,5-diethynyl-4-methoxy[1,1';4',1'']terphenyl, and polycondensed it with 
aromatic dibromides to obtain the desired PAEs. A methoxy group was 
introduced in the PAE in order to conduct structural analysis of the PAE 
by 1H NMR spectroscopy. The chemical properties of the PAEs with the 
OPP at the m-phenylene linkage were investigated to obtain fundamental 
information for the development of new emitting materials.  

In this paper, we report the synthesis results and optical, 
electrochemical, and thermal properties of the obtained PAEs. Further, 
we report the synthesis of PAEs without the OPP at the m-phenylene 
linkage and provide a comparison between the chemical properties of the 
PAEs with OPP and those without the OPP. 
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2. Experimental 

2.1. General 

Solvents were dried, distilled, and stored under nitrogen. 3,5-Dibromo- 
4-methoxy[1,1';4',1'']terphenyl and 1,4-dibromo-2,5-dioctyloxybenzene were 
synthesized according to the reported manner [10, 17]. Other reagents 
were purchased and used without further purification. Reactions were 
carried out with standard Schlenk techniques under nitrogen.   

IR and NMR spectra were recorded on a JASCO FT/IR-660 PLUS 
spectrophotometer with a KBr pellet and a JEOL AL-400 spectrometer, 
respectively. Elemental analysis was conducted on a Yanagimoto MT-5 
CHN corder. GPC analyses were carried out by a Jasco 830 refractometer 
with polystyrene gel columns (K-803 and K-804) using chloroform as an 
eluent with an RI detector. UV-vis and PL spectra were obtained by a 
JASCO V-560 spectrometer and a JASCO FP-6200 spectrometer, 
respectively. Quantum yields were calculated by using a diluted ethanol 
solution of 7-dimethylamino-4-methylcoumarin as the standard. Cyclic 
voltammetry was performed in a DMSO solution containing 0.10M 
[Et4N]BF4 with a Hokutodenko HSV-110. TGA curves were obtained by a 
Rigaku Thermo plus TG8120 under nitrogen. 

2.2. Synthesis of Monomer-1 

3,5-Dibromo-4-methoxy[1,1';4',1'']terphenyl (0.42g, 1.0mmol) and                 
3-methyl-1-butyn-3-ol (0.23mL, 2.4mmol) were dissolved in 8mL of 
piperidine under N2. Pd(PPh3)4 (0.029g, 0.025mmol) and CuI (4.8mg, 
0.025mmol) were added to the solution. After the solution was stirred at 

C80°  for 24h, the solvent was removed under vacuum. The resulting 
solid was washed with water and hexane and dried under vacuum to give 
3,5-bis(3,3-dimethyl-but-1-ynyl)-4-methoxy[1,1';4',1'']terphenyl as a reddish 
brown powder (0.54g, 97%). After a toluene suspension (50mL) of                   
3,5-bis(3,3-dimethyl-but-1-ynyl)-4-methoxy[1,1';4',1'']terphenyl (0.54g, 
1.3mmol) and NaOH (0.20g, 5.1mmol) was refluxed for 12h, the solution 
was washed with water. The organic layer was extracted with toluene 
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and dried over sodium sulphate. The solvent was removed by evaporation 
and the resulting solid was purified by silica gel column chromatography 
(eluent = CHCl3/hexane = 1/2). The solvent was removed by evaporation 
and a resulting solid was dried in vacuo to give Monomer-1 as a light 
yellow powder (0.20g, 25%). 1H NMR (400MHz, CDCl3): δ  7.73 (s, 2H), 
7.56-7.68 (6H), 7.46 (t, J = 7.6Hz, 2H), 7.37 (t, J = 7.6Hz, 1H), 4.11 (s, 3H), 
3.33 (s, 2H). 13C NMR (100MHz, CDCl3): δ  162.4, 140.6, 140.4, 137.7, 
136.2, 133.2, 128.8, 127.6, 127.2, 127.0, 116.6, 82.0, 79.3, 61.5. Calcd for 
C23H16O: C, 89.58; H, 5.23. Found: C, 89.62; H, 5.32. 

2.3. Synthesis of Polymer-1 

Monomer-1 (0.036g, 0.12mmol) and 9,9-dioctyl-2,7-dibromofluorene 
(0.068g, 0.12mmol) were dissolved in 8mL of dry toluene under N2. To the 
solution were added Pd(PPh3)4 (3.4mg, 0.0029mmol), CuI (0.56mg, 
0.0029mmol), and triethylamine (4mL). After the solution was stirred at 

C80°  for 48h, the solvents were removed under vacuum. The resulting 
solid was washed acetone and methanol. Polymer-1 was collected by 
filtration, dried under vacuum, and obtained as a light brown powder 
(0.072g, 85%). 1H NMR (400MHz, CDCl3): δ  7.82-7.38 (17H), 4.31-4.16 
(3H), 2.01 (m, 4H), 1.20-1.08 (24H), 0.82-0.80 (6H). 13C NMR (100MHz, 
CDCl3): δ  161.0, 151.2, 140.9, 140.5, 138.0, 136.2, 131.9, 130.8, 130.1, 
128.8, 127.5, 127.2, 127.0, 125.9, 121.9, 120.0, 119.7, 117.8, 95.1, 85.7, 
61.6, 55.5, 55.3, 40.2, 31.7, 30.0, 29.2, 23.7, 22.6, 14.0. Calcd for 
(C52H54O•0.5H2O)n: C, 88.72; H, 7.87. Found: C, 88.79; H, 6.92. 

Other polymers were prepared analogously. Spectroscopic and 
analytical data of the polymers are shown below: 

2.4. Data of Polymer-2 

Yield = 80% (brown powder). 1H NMR (400MHz, CDCl3): δ  7.76-7.26 
(11H), 7.11-6.99 (2H), 4.26 (t, J = 2.7Hz, 4H), 4.15-3.92 (3H), 1.82 (4H), 
1.29-1.22 (16H), 0.80-0.88 (10H). Calcd for (C45H50O3•0.5H2O)n: C, 83.42; 
H, 7.93. Found: C, 83.42; H, 6.81. 
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2.5. Data of Polymer-3 

Yield = 79% (brown powder). 1H NMR (400MHz, CDCl3): δ  7.37-7.68 
(11H), 6.99 (1H), 4.18 (3H), 2.80 (2H), 1.69 (2H), 1.25-1.34 (6H), 0.88 (3H). 
Calcd for (C33H28OS•0.3H2O)n: C, 82.91; H, 6.03. Found: C, 83.08; H, 5.77. 

2.6. Data of Polymer-4 

Yield = 60% (yellow powder). 1H NMR (400MHz, CDCl3): δ  7.37-7.80 
(10H), 1.98 (4H), 1.07-1.21 (10H), 0.82 (6H), 0.62 (4H). Calcd for 
(C34H36•0.3H2O)n: C, 90.74; H, 8.20. Found: C, 90.39; H, 8.30. 

2.7. Data of Polymer-5 

Yield = 59% (light brown powder). 1H NMR (400MHz, CDCl3): δ  7.02-
7.71 (6H), 4.04 (4H), 1.86 (4H), 1.26 (20H), 0.88 (6H). Calcd for 
(C32H40O2•0.2H2O)n: C, 83.51; H, 8.85. Found: C, 83.61; H, 9.20. 

2.8. Data of Polymer-6 

Yield = 51% (reddish brown powder). 1H NMR (400MHz, CDCl3): δ  
7.26-7.66 (4H), 6.99 (1H), 2.73 (2H), 1.65 (2H), 1.33 (6H), 0.89 (3H). Calcd 
for (C20H18S•0.3H2O)n: C, 81.20; H, 6.34. Found: C, 81.54; H, 6.19. 

2.9. Synthesis of Model-1 

3,5-Dibromo-4-methoxy[1,1';4',1'']terphenyl (0.27g, 0.64mmol) and 
ethynylbenzene (0.16g, 1.5mmol) were dissolved in 10mL of dry 
piperidine under N2. Pd(PPh3)4 (0.019g, 0.016mmol) and CuI (3.1mg, 
0.016mmol) were added to the solution. After the solution was stirred at 

C80°  for 48h, the solvents were removed under vacuum. The solvent was 
removed by evaporation and the resulting solid was purified by silica gel 
column chromatography (eluent = CHCl3/ethyl acetate = 1/1). The solvent 
was removed by evaporation and a resulting solid was dried in vacuo to 
give Model-1 as a orange powder (0.077g, 26%). 1H NMR (400MHz, 
CDCl3): δ  7.76 (s, 2H), 7.66 (t, J = 8.0Hz, 6H), 7.59 (t, J = 3.2Hz, 4H), 
7.47 (t, J = 7.6Hz, 2H), 7.37 (7H), 4.20 (s, 3H). 13C NMR (100MHz, CDCl3): 
δ  161.1, 140.54, 140.45, 138.1, 136.2, 131.9, 131.6, 128.8, 128.5, 128.4, 
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127.6, 127.5, 127.2, 127.1, 123.0, 117.8, 94.0, 85.2, 61.5. Calcd for 
C38H36O•0.5H2O: C, 88.16; H, 7.20. Found: C, 88.42; H, 7.39. 

3. Results and Discussion 

3.1. Synthesis 

The Pd-complex-catalyzed reaction of 3,5-dibromo-4-methoxy[1,1';4',1''] 
terphenyl with 3-methyl-1-butyn-3-ol in a 1:2 molar ratio followed by a 
treatment with a base afforded 3,5-diethynyl-4-methoxy[1,1';4',1'']terphenyl 
(Monomer-1) (Scheme 1).  

 

Scheme 1. Synthesis of monomer. 

The Pd-complex-catalyzed polycondensation of 2,7-dibromo-9,9-
dihexylfluorene, 1,4-dibromo-2,5-dioctyloxybenzene, and 2,5-dibromo-3-
hexylthiophene with Monomer-1 afforded Polymer-1, Polymer-2, and 
Polymer-3 in 85%, 79%, and 80% yields, respectively; while the Pd-complex-
catalyzed polycondensation of the same with 1,3- diethynylbenzene afforded 
Polymer-4, Polymer-5, and Polymer-6 in 60%, 59%, and 51% yields, 
respectively (Scheme 2). 
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Scheme 2. Pd-complex-catalyzed synthesis of PAEs. 

With the aim of comparing the structure and chemical properties of 
the polymers, a model compound (Model-1) was synthesized by the 
reaction of 3,5-dibromo-4-methoxy[1,1';4',1'']terphenyl with ethynylbenzene in 
a 1:2 molar ratio (Scheme 3).  

 

Scheme 3. Synthesis of a model compound. 

These synthesis results are summarized in Table 1. The structures of 
obtained compounds were determined by 1H and 13C NMR spectroscopy 
and elemental analysis. 
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Table 1. Synthesis results and optical and electrochemical properties 

 Yield (%) a
nM  a

wM  Absorption ( )bnm  PL ( )cnm  ( )dVaE  

Polymer-1 85 6,300 20,800 290, 333, 354, 372 405 1.80 

Polymer-2 79 8,900 40,700 291, 361 421 1.79 

Polymer-3 80 e3,100  e600,3  287, 367 417  

Polymer-4 60 e900,2  e500,3  349, 371 383, 403  

Polymer-5 59 ____f ____f 375 409  

Polymer-6 51 e800,2  e500,3  g381 360,  399, 419  

Model-1 26   289, 345 393  

aDetermined by GPC (eluent = chloroform). 

bIn CH2Cl2. 

cPhotoluminescence (PL) in CH2Cl2. 

dOxidation potential vs. Ag+/Ag. 

eChloroform soluble part. 

fNot determined. 

gShoulder peak. 

Polymer-1 and Polymer-2 were soluble in less-polar organic solvents 
such as chloroform, dichloromethane, 1,4-dioxane, and tetrahydrofuran 
(THF), but insoluble in polar organic solvents such as acetone, N,N-
dimethylformamide (DMF), and dimethylsulfoxide (DMSO). Polymer-3, 
Polymer-4, and Polymer-6 were partly soluble in less-polar organic 
solvents. However, Polymer-5 showed a considerably low solubility in 
organic solvents.  

The Mw values of Polymer-1 and Polymer-2 were 20,800 and 47,000, 
respectively, whereas those of the chloroform-soluble part of Polymer-3, 
Polymer-4, and Polymer-6 were 3,600, 3,500, and 3,500, respectively. The 
low Mw values of Polymer-3, Polymer-4, and Polymer-6 are because of the 
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low solubility of these PAEs. The molecular weights of Polymer-5 could 
not be determined owing to its considerably low solubility in organic 
solvents. 

3.2. IR and NMR spectra 

Figure 1 shows the IR spectra of Model-1, Polymer-1, Polymer-2, and 
Polymer-3. These IR spectra show the appearance of a new absorption at  

,cm207,2 1−  ,,210cm2 1− ,,199cm2 1−  and ,,213cm2 1−  respectively, owing 
to ( )CC≡ν  of the disubstituted ethynyl group; the appearance of this 
absorption was accompanied by the disappearance of the absorptions 
owing to ( )HC−ν  and ( )CC≡ν  of the monosubstituted ethynyl group. 
These observations are consistent with the proposed structures of the 
polymers and the model compound that were obtained by the Sonogashira 
reaction. The absorption due to ( )CC≡ν  in Polymer-1, Polymer-2, and 

Polymer-3 were observed at approximately .,210cm2 1−   



ISAO YAMAGUCHI and JUN MISHIMA  136

 

Figure 1. IR spectra of Model-1, Polymer-1, Polymer-2, and Polymer-3. 

Figure 2 shows the 1H NMR spectra of Monomer-1, Model-1, Polymer-
1, and Polymer-4 in CDCl3. The peak assignments in these spectra are 
shown in the figure. The peaks at δ  3.33 and 4.13 in the 1H NMR 
spectrum of Monomer-1 are assigned to the ethynyl and methoxy protons, 
respectively. The signal corresponding to the ethynyl proton disappears 
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in the 1H NMR spectra of Polymer-1 and Polymer-4. The signals 
corresponding to the aromatic and aliphatic protons of Polymer-1 are 
observed in the ranges of δ  7.38-7.82 and δ  0.81-2.01, respectively, 
whereas those corresponding to the aromatic and aliphatic protons of 
Polymer-4 are observed in the ranges of δ  7.37-7.80 and δ  0.62-1.98, 
respectively. The peak integral ratio between the aromatic and aliphatic 
protons is consistent with the structures of Polymer-1 and Polymer-4 as 
shown in Scheme 2. The 13C NMR spectrum signals corresponding to the 
ethynyl groups of Polymer-1 were observed at δ  85.7 and 95.1, whereas 
those corresponding to the ethynyl groups of Model-1 were observed at    
δ  85.2 and 94.0. Clear 13C NMR spectra could not be obtained for other 
polymers owing to their low solubility in organic solvents. 
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Figure 2. 1H NMR spectra of 1H NMR spectra of Monomer-1, Model-1, 
Polymer-1, and Polymer-4 in CDCl3. 
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3.3. UV-vis and PL spectra 

Figure 3 shows the UV-vis spectra of Polymer-1, Polymer-4, and  
Model-1 in CH2Cl2. The optical data of the polymers and the model 
compound are summarized in Table 1. The spectra of Polymer-1,      
Polymer-2, and Polymer-3 showed two absorptions at almost the same 
wavelengths (approximately 290nm and 360nm) as those in the spectrum 
of Model-1; this phenomenon suggests that the -π conjugation system of 
the polymer chain is interrupted at the m-phenylene group. The spectra 
of Polymer-4 and Polymer-6 showed an absorption at 350nm and 360nm, 
respectively, but no peak at around 290nm. According to these 
observations, the peak at approximately 290nm in the UV-vis spectra of 
Polymer-1, Polymer-2, and Polymer-3 appears to be assigned to the ∗ππ-  
transition of the terphenyl group. This hypothesis is supported by the fact 
that 4-hydroxy[1,1';4',1'']terphenyl shows λmax at 288nm in CH2Cl2, as 
reported previously [18]. The peak at approximately 360nm in the UV-vis 
spectra of the polymers apparently corresponds to the ∗ππ-  transition of 
the polymer main chain. The absorbance of the peak at approximately 
360nm in the UV-vis spectra of the polymers was larger than in the UV-
vis spectrum of Model-1. 

 
Figure 3. UV-vis spectra of Polymer-1, Polymer-4, and Model-1 in 
CH2Cl2. 
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It has been reported that PAEs and OPPs exhibit photoluminescence 
(PL) with a high quantum yield [1, 6, 8, 9, 11, 16]. The polymers and the 
model compound obtained in this study were photoluminescent in 
solution. Figure 4 shows the photoluminescence (PL) spectra of Polymer-1, 
Polymer-2, Polymer-3, and Model-1 in CH2Cl2. The emission peak 
positions of the polymers were higher than that of Model-1. These 
observations correspond to the fact that the absorption at approximately 
360nm in the UV-vis spectra of the polymers is larger than that in the 
UV-vis spectrum of Model-1. Quantum yields ( sΦ ) of the PL of Polymer-1, 
Polymer-2, Polymer-3, Polymer-4, Polymer-6, and Model-1 were 42%, 
40%, 39%, 29%, 31%, and 37%, respectively. The fact that Φ  values of 
Polymer-1, Polymer-2, Polymer-3, and Model-1 are higher than those of 
Polymer-4 and Polymer-6 may be attributed to the presence of the OPP 
luminophore in Polymer-1, Polymer-2, Polymer-3, and Model-1. 

 

Figure 4. PL spectra of Polymer-1, Polymer-2, Polymer-3, and Model-1 in 
CH2Cl2. 
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3.4. Cyclic voltammogram 

The polymers obtained in this study received an electrochemical 
oxidation of the polymer chain. Figure 5 shows the cyclic voltammogram 
of a cast film of Polymer-1. The peak due to the electrochemical oxidation 
of Polymer-1 was observed at 1.80V (Ag+/Ag). The electrochemical reaction 
was accompanied by electrochromism; the orange cast film of the polymer 
changed to black after electrochemical oxidation. However, the corresponding 
reduction (p-dedoping) peak does not appear in the cyclic voltammogram; 
this is likely because of the formation of a stable adduct between the 
electrochemically oxidized polymer and .BF4

−  Electrochemically oxidized 
-π conjugated polymers have been reported to form stable adducts with 
−
4BF  during cyclic voltammetry measurements [13].  

 

Figure 5. Cyclic voltammogram of a cast film of Polymer-1 on a Pt plate 
in an acetonitrile solution of [Et4N]BF4 (0.10M). The scan rate was 

.0mVs5 1−  

3.5. Thermal properties 

Figure 6 shows the TGA curves of Polymer-1, Polymer-2, and 
Polymer-3. The polymers showed good thermal stability up to 300°C. The 
5% weight-loss temperatures of Polymer-1, Polymer-2, and Polymer-3 
were 377°C, 348°C, and 310°C, respectively. 
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Figure 6. TGA curves of Polymer-1, Polymer-2, and Polymer-3 under 

nitrogen. Heating rate was .Cmin10 1−°  

4. Conclusion 

PAEs with and without a terphenyl group at the m-phenylene linkage 
were synthesized by Pd-complex-catalyzed polycondensation, in which 
3,5-diethynyl-4-methoxy[1,1';4',1'']terphenyl and 1,3-diethynylbenzene 
were used as monomers, respectively. The UV-vis measurements revealed 
that the -π conjugation system of the polymers was interrupted at the   

m-phenylene linkage, which corresponded to a blue emission of the 
polymers in solution. The polymers received electrochemical oxidation in 
film and the electrochemical reaction was accompanied by electrochromism. 
The polymers showed good thermal stability.  
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