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ABSTRACT:  

   We designed and synthesised low bandgap poly(bithienylenemethine) and 

poly(terthienylenemethine) derivatives bearing arylene moieties in their side chains.  These 

polymers consisted of alternating benzonoidal and quinoidal structures in the main chains.  

Arylene moieties were introduced in the side chains to stabilize the quinoidal structure of the 

polymers, because they are anticipated to delocalize π-conjugated electrons of the main 

chains over the side chains.  The polymers were synthesised by polycondensation reactions 

between arylenes and aryl aldehydes using H2SO4, followed by oxidative dehydrogenation 

using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ).  The quinoidal polymers showed 

absorption bands in the UV-visible and near infrared regions.  The optically and 

electrochemically evaluated bandgaps of quinoidal poly(bithienylenemethine) with the 

terphenylene moiety in the side chain (Poly-2PQ) were 1.7 and 2.2 eV, respectively, and 

those of quinoidal poly(terthienylenemethine) with the terphenylene moiety in the side chain 

(Poly-3PQ) were 0.8 and 1.6 eV, respectively.  Similarly, the optical and electrochemical 

bandgaps of quinoidal poly(bithienylenemethine) with the terthiophene side chain (Poly-

2TQ) were 1.5 and 1.7 eV, respectively, and those of quinoidal poly(terthienylenemethine) 

with the terthiophene side chain (Poly-3TQ) were 0.8 and 1.2 eV, respectively.  These low 

bandgap polymers are regarded as prospective candidate materials for plastic electronics, 

including organic solar cell devices.  

 

KEYWORDS: benzonoidal and quinoidal structure, poly(thienylenemethine)s, low bandgap 

polymer, oxidative dehydrogenation  
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Introduction 

  Conjugated polymers have recently been highlighted as potential materials for photovoltaic 

devices because of their advantages, which include low cost and ease of manufacturing.
1−4  

To achieve high performance in conjugated polymer-based solar cells, it is essential to 

enhance the absorption efficiency of solar energy.
5
  Typical conjugated polymers have an 

energy gap (Eg) of ca. 2.0 eV, can only absorb photons with wavelengths up to ca. 600 nm, 

and absorb a maximum of 25 % of the total solar energy.  By extending the absorption 

wavelength to 1000 nm (Eg = ~1.2 eV), approximately 70 to 80 % of the solar energy is 

gained and a notable increase in efficiency can be achieved.  Therefore, it is desirable to 

extend the absorption of the photoactive layer solar cells to wavelengths beyond 600 nm.  In 

addition, charge transport abilities are critical parameters for photovoltaic cells.  Higher 

mobility of the charge carrier in the polymer increases the diffusion lengths of electrons and 

holes generated during the photovoltaic process and also reduces photocurrent loss by 

recombination in the active layer, which enhances the charge transfer efficiency from the 

polymer donor to the [6,6]-phenyl-C61-butyric acid methyl ester acceptor.
6
 
 

Low bandgap polymers are defined as polymers absorbing wavelengths of light longer than 

620 nm, corresponding to a band gap below 2.0 eV.
7
  There are several factors that influence 

the bandgap of these polymers, e.g., conjugation length,
8
 bond length alternation,

9
 resonance 

energy, dihedral angles,
10
 intrachain charge transfer,

11
 intermolecular interactions,

12
 

aromaticity, substituents, etc.  The low bandgap polymers presented here are based on two 

types of electronic structures of benzonoid and quinoid forms and are quite different from 

polymers containing alternating donor and acceptor segments in the repeating unit.
13
  The 

quinoid form of poly(heteroarylene) is regarded as an excited state of the benzonoid form, 

and it can be generated by oxidative doping of the benzonoid form.  As a result, the quinoid 
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form of poly(heteroarylene) should have a lower bandgap and, hence, a higher electrical 

conductivity than the benzonoid form.  The higher conductivity of the quinoidal form than 

that of the benzonoid form is usually observed for the situations of chemical or 

electrochemical doping for conjugated polymers.  It should be noted that electrical 

conductivity is defined as the product of carrier density and carrier mobility and that the 

carrier density and carrier mobility are proportional to the bandgap and the delocalisation of 

the carrier, respectively. 

  The quinoid form of poly(heteroarylenemethine) consists of benzonoid and quinoid 

structures in the repeating unit of the main chain (see Scheme 1) and is, therefore, anticipated 

to have a lower bandgap than the benzonoid form.
14,15

  However, the quinoid form of 

poly(heteroarylenemethine) is unstable due to the nature of the quinoid form itself, which is 

an excited state of the benzonoid form.  Furthermore, the polymer has poor solubility in 

organic solvents and low processability for the fabrication of devices.  Thus, there is a need 

for the development of novel low bandgap polymers with high stability and solubility in 

organic solvents. 

Here, we focused on poly(bithienylenemethine) and poly(terthienylenemethine) derivatives, 

where the bithienylene and terthienylene moieties are used as heteroarylenes that increase the 

effective π-conjugation lengths in the main chain.  In addition, terphenylene or terthienylene 

moieties were introduced as side chains at the methine sites of the main chain (Schemes 1 and 

2).  The terarylene groups introduced at the methine sites should contribute to delocalisation 

of π-conjugated electrons over the side chain, leading to stabilisation of the polymer.  They 

should also enhance the solubility of the polymer in organic solvent and help promote 

polymerisation.  In this work, we examined the optical and electrochemical bandgaps of 

quinoidal polymers with variety of main chains and ternary arylene in side chains. 
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(Schemes 1 and 2) 

 

Experimental Section 

The synthetic routes for the precursor compounds (1-4), side chain molecules 

(terphenylaldehyde and terthienylaldehyde), and terthiophene are shown in the Supporting 

Information.  Poly-2PB was synthesised by a polycondensation reaction between 

bithiophene and terphenylaldehyde using H2SO4.  Poly-2PQ was prepared by oxidizing 

Poly-2PB with DDQ, followed by washing with organic solvents.  The benzonoidal 

polymers (Poly-3PB, Poly-2TB and Poly-3TB) and the quinoidal polymers (Poly-3PQ, 

Poly-2TQ and Poly-3TQ) were synthesised in the same manner as Poly-2PB and Poly-2PQ, 

respectively.  

 

 Synthesis of benzonoidal and quinoidal polymers  

Poly-2PB.  A mixture of bithiophene (0.25 g, 1.5 mmol), terphenylaldehyde (4″-

(pentyloxy)-[1,1′:4′,1″-terphenyl]-4-carbaldehyde) (0.603 g, 1.75 mmol), 4 mL of 1,4-

dioxane and 0.05 mL (0.5 mmol) of 96 % sulfuric acid was prepared.  The polymerisation 

temperature was kept constant at 80 °C for 24 h.  A dark blue product was precipitated in 

500 mL of methanol, redissolved in THF, and then reprecipitated in methanol.  Subsequently, 

the black product was reprecipitated in 500 mL of a mixture of acetone and methanol, 

redissolved in CHCl3, reprecipitated, filtered in acetone, and dried under vacuum.  A dark 

red polymer was obtained (0.205 g; Yield: 34 %).  Mw = 7,400 Mw/Mn = 1.45 (GPC, PS 

calibration).  
1
H-NMR (CDCl3, 400MHz, δ from TMS, ppm) δ = 7.59−7.38 (br, 20H, PhH), 

6.94 (br, 8H, ThH), 6.73 (br, 4H, PhH), 5.76 (br, 1.3H, methine H), 3.98 (br, 4H, −OCH2−), 
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2.15 (br, 4H, −CH2−), 1.80 (br, 4H, −CH2−), 1.44 (br, 4H, −CH2−), 0.92 (br, 6H, −CH3).  

Anal. Calcd for C32H28OS2: C, 78.01 %; H, 5.73 %; O, 3.25 %; S, 13.02 %, Found: C, 

76.96 %; H, 5.68 %; O, 4.25 %; S, 13.20 %. 

Poly-2PQ.  A mixture of 0.1 g of Poly-2PB, 0.046 g (0.230 mmol) of DDQ and 1 mL of 

dry THF was prepared.  The reaction temperature was maintained at 60 °C for 24 h.  A 

dark blue product was recovered in 200 mL of stirring methanol, dissolved in THF, and then 

reprecipitated in methanol.  Subsequently, the black product was reprecipitated in 500 mL of 

a mixture of acetone and methanol, redissolved in CHCl3, reprecipitated, filtered in acetone, 

and dried under vacuum.  A dark red polymer was obtained (0.010 g; Yield: 20 %).  
1
H 

NMR (CDCl3, 400MHz, δ from TMS, ppm) δ = 7.6 (br, 12H, PhH), 7.24−7.20 (br, 8H, ThH), 

6.80−7.00 (br, 12H, PhH), 4.0 (br, 4H, −OCH2−), 1.90−1.70 (br, 12H, −CH2−), 0.93 (br, 6H, 

−CH3).  IR (KBr, cm
-1
): 2946, 2894 (νCH2, νCH3), 1698, 1541 (νC=C quinoid), 1508 (νC=C 

benzonoid), 818, 799, 720 (νCβ-H).  Anal. Calcd for C64H54O2S4: C, 78.17 %; H, 5.53 %; O, 

3.25 %; S, 13.02 %, Found: C, 69.11 %; H, 5.09 %; N, 1.07 %; O, 5.45 %; S, 11.34 %. 

Poly-3PB.  A mixture of terthiophene (0.248 g, 1.0 mmol), terphenylaldehyde (0.400 g, 

1.16 mmol), 5 mL of 1,4-dioxane, and 0.02 mL (0.33 mmol) of 96 % sulfuric acid was 

prepared.  The reaction temperature was kept constant at 80 °C for 24 h.  A dark blue 

product was precipitated in 500 mL of methanol, redissolved in THF, and then reprecipitated 

in methanol.  Subsequently, the black product was reprecipitated in 500 mL of a mixture of 

acetone and methanol, redissolved in CHCl3, reprecipitated, filtered in acetone, and dried 

under vacuum.  A dark red polymer was obtained (0.376 g; Yield: 65.4 %).  Mw = 8,000 

Mw/Mn = 1.60 (GPC, PS calibration).  
1
H NMR (CDCl3, 400MHz, δ from TMS, ppm) δ = 

7.63 (br, 16H, PhH), 7.43 (br, 4H, PhH), 7.17 (br, 4H, PhH), 6.98 (br, 8H, ThH), 6.80 (br, 4H, 
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ThH), 5.80 (br, 1.9H, methine H), 4.00 (br, 4H, −OCH2−), 2.17 (br, 4H, −CH2−), 1.81 (br, 4H, 

−CH2−), 1.42 (br, 4H, −CH2−), 0.94 (br, 6H, −CH3).  Anal. Calcd for C36H30OS3: C, 

75.22 %; H, 5.26 %; O, 2.78 %; S, 16.73 %, Found: C, 67.87 %; H, 5.40 %; O, 5.30 %; S, 

14.22 %. 

Poly-3PQ.  A mixture of 0.1 g of Poly-3PB, 0.040 g (0.174 mmol) of DDQ, and 2 mL 

of dry THF was prepared.  The reaction temperature was maintained at 60 °C for 24 h.  A 

dark blue product was precipitated in 500 mL of methanol, redissolved in THF, and 

reprecipitated in methanol.  Subsequently, the product was reprecipitated in 500 mL of a 

mixture of acetone and methanol, redissolved in CHCl3, reprecipitated, filtered in acetone, 

and dried under vacuum.  A dark red polymer was obtained (0.073 g; Yield: 60 %).  
1
H 

NMR (CDCl3, 400MHz, δ from TMS, ppm) δ = 7.6 (br, 16H, PhH), 6.97−7.20 (br, 20H, PhH 

and ThH), 3.48 (br, 4H, −OCH2−), 1.82 (br, 4H, −CH2−), 1.25 (br, 4H, −CH2−), 0.91 (br, 14H, 

−CH2− and −CH3).  IR (KBr, cm
-1
): 2951, 2854 (νCH2, νCH3), 1670, 1599 (νC=C quinoid), 1509 

(νC=C benzonoid), 803, 701 (νCβ-H).  Anal. Calcd for C72H58O2S6: C, 75.35 %; H, 5.09 %; O, 

2.79 %; S, 16.76 %, Found: C, 66.00 %; H, 4.22 %; O, 4.87 %; S, 15.46 %. 

Poly-2TB.  A mixture of bithiophene (0.026 g, 0.136 mmol), terthienylaldehyde (5″-

docosanyl-[2,2′:5′,2″-terthiophene]-5-carbaldehyde) (0.08 g, 0.136 mmol), 0.5 mL of 1,4-

dioxane, and 0.024 mL (0.45 mmol) of 96 % sulfuric acid was prepared.  The reaction 

temperature was kept constant at 80 °C for 24 h.  A dark blue product was precipitated in 

500 mL of methanol, redissolved in THF, and reprecipitated in methanol.  Subsequently, the 

product was reprecipitated in 500 mL of a mixture of acetone and methanol, redissolved in 

CHCl3, reprecipitated, filtered in acetone, and dried under vacuum.  A dark red polymer was 

obtained (0.077 g; Yield: 71 %).  Mw = 2,700 Mw/Mn = 1.17 (GPC, PS calibration).  
1
H 
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NMR (CDCl3, 400MHz, δ from TMS, ppm) δ = 7.67 (br, 4H, ThH), 7.20 (br, 8H, ThH), 6.97 

(br, 8H, ThH), 5.80 (br, 1.7H, methine H), 2.27 (br, 4H, −CH2−), 1.81−1.24 (br, 80H, −CH2−), 

0.92 (br, 6H, −CH3).  

Poly-2TQ.  A mixture of 0.04 g of Poly-2TB, 0.012 g (0.055 mmol) of DDQ, and 1 mL 

of dry THF was prepared.  The reaction temperature was maintained at 60 °C for 24 h.  A 

dark blue product was precipitated in 500 mL of methanol, redissolved in THF, and 

reprecipitated in methanol.  Subsequently, the product was reprecipitated in 500 mL of a 

mixture of acetone and methanol, redissolved in CHCl3, reprecipitated, filtered in acetone, 

and dried under vacuum.  A dark red polymer was obtained (0.013 g; Yield: 30 %).  
1
H 

NMR (CDCl3, 400MHz, δ from TMS, ppm) δ = 7.67 (br, 4H, ThH), 7.20 (br, 8H, ThH), 6.98 

(br, 8H, ThH), 2.27 (br, 4H, −CH2−), 1.82−1.25 (br, 80H, −CH2−), 0.92 (br, 6H, −CH3).  IR 

(KBr, cm
-1
): 2963, 2902 (νCH2, νCH3), 1682, 1541 (νC=C quinoid), 1508 (νC=C benzonoid), 866, 799, 

703 (νCβ-H).  

Poly-3TB.  A mixture of terthiophene (0.034 g, 0.136 mmol), terthienylaldehyde (0.08 g, 

0.136 mmol), 0.5 mL of 1,4-dioxane, and 0.024 mL (0.45 mmol) of 96 % sulfuric acid was 

prepared.  The reaction temperature was kept constant at 80 °C for 24 h.  A dark blue 

product was precipitated in 500 mL of methanol, redissolved in THF, and reprecipitated in 

methanol.  Subsequently, the product was reprecipitated in 500 mL of a mixture of acetone 

and methanol, redissolved in CHCl3, reprecipitated, filtered in acetone, and dried under 

vacuum.  A dark red polymer was obtained (0.087 g; Yield: 80 %).  Mw = 2,800 Mw/Mn = 

1.08 (GPC, PS calibration).  
1
H NMR (CDCl3, 400MHz, δ from TMS, ppm) δ = 7.21 (br, 

4H, ThH), 7.12−7.04 (br, 16H, ThH), 6.95 (br, 4H, ThH), 5.97 (br, 1.94H, ThH), 2.53 (br, 4H, 

−CH2−), 1.62 (br, 4H, −CH2−), 1.45-1.14 (br, 76H, −CH2−), 0.92 (br, 6H, −CH3). 
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Poly-3TQ.  A mixture of 0.051 g of Poly-3TB, 0.014 g (0.062 mmol) of DDQ, and 1 mL 

of dry THF was prepared.  The reaction temperature was maintained at 60 °C for 24 h.  A 

dark blue product was precipitated in 500 mL of methanol, redissolved in THF, and 

reprecipitated in methanol.  Subsequently, a black product was reprecipitated in 500 mL of a 

mixture of acetone and methanol, redissolved in CHCl3, reprecipitated, filtered in acetone, 

and dried under vacuum.  A dark red polymer was obtained (0.03 g; Yield: 60 %).  
1
H 

NMR (CDCl3, 400MHz, δ from TMS, ppm) δ = 7.20 (br, 4H, ThH), 7.11−7.01 (br, 16H, 

ThH), 6.97 (br, 4H, ThH), 2.53 (br, 4H, −CH2−), 1.61 (br, 4H, −CH2−), 1.47−1.11 (br, 76H, 

−CH2−), 0.92 (br, 6H, −CH3).  IR (KBr, cm
-1
): 2959, 2859 (νCH2, νCH3), 1684, 1541 (νC=C 

quinoid), 1508 (νC=C benzonoid), 791, 699 (νCβ-H). 

 

Results and Discussion 

 Synthesis of benzonoidal and quinoidal polymers  

We synthesised low bandgap polymers containing alternating benzonoidal and quinoidal 

structures of thienylene in main chain.  The polymers consist of di- or terthienylene moieties 

with neighboring methine moieties in the main chains.  The polymer names are abbreviated 

as follows: Poly- followed by the number of thienylene groups in the main chain (1 = 

monothienylene, 2 = bithienylene, and 3 = terthienylene); followed by the side chain group of 

either terphenylene (P) or terthienylene (T); followed by either the benzonoidal (B) or 

quinoidal (Q) structure of the main chain.  Thus, for instance, Poly-2PQ is a polymer 

having bithienylene moiety in the main chain, a terphenylene moiety in the side chain, and 

showing a quinoidal structure.  The alkyl groups at the terminal sites of the terphenylene and 

terthienylene side chains are pentyloxy (-OC5H11) and docosyl (-C22H45) groups, respectively.  

It should be noted that the terthienylene moiety is more rigid in terms of internal rotation. 
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Hence, it is more planar than the terphenylene moiety, and the polymer bearing terthienylene 

in the side chains would be less soluble in organic solvents than the polymer bearing 

terphenylene.  Thus, to improve the low solubility resulting from terthienylene side chains, 

we used a docosyl group (-C22H45) as the terminal group at the terthienylene side chains, 

which is a longer alkyl group compared to the pentyloxy group (-OC5H11) used on the 

terphenylene side chains. 

  As a preliminary experiment, we synthesised monothienylene-based polymers with 

terphenylene (Poly-1PB, -1PQ) or terthienylene side chains, (Poly-1TB, -1TQ) (Scheme S2 

in the supporting information).  We also synthesised hexyl-substituted monothienylene 

(Poly-1HTB, -1HTQ) and bithienylene (Poly-2HTB, -2HTQ)-based polymers with 

terthienylene side chains (Scheme S4).  However, these polymers showed low degrees of 

polymerisation, resulting in fragile films (Table S2).   

  In contrast, the benzonoidal bithienylene polymer with terphenylene side chains (Poly-

2PB) had a lower degree of dispersion in molecular weight and was obtained in higher yield 

compared to those with phenylene and biphenylene moieties in side chains (Table S1).  This 

result was attributed to the larger stabilisation effect of the terphenylene moiety contributing 

more effectively to the delocalisation of π-electrons of the main chain over the side chain 

compared to the phenylene and biphenylene moieties.  The methine site located between the 

benzonoid and quinoid moieties in the main chain is regarded as a defect point at which π-

conjugation of the main chain is suppressed if the methine site is substituted with an alkyl 

group.  However, when an aryl group such as a phenylene or thienylene moiety is 

substituted at the methine site, π-conjugation can be significantly stabilised due to a through 

space interaction of π-electrons between the main and side chains.  Therefore, we used the 

terphenylene or terthienylene moieties as side chains of the present polymer.  In addition, 
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alkyl groups were introduced to the terminal sites of the terarylene to increase the solubility 

of the polymers in organic solvents.   

  The benzonoidal polymers (Poly-2PB, Poly-3PB, Poly-2TB and Poly-3TB) were 

synthesised by polycondensation reactions using concentrated sulfuric acid (H2SO4).  The 

quinoidal polymers (Poly-2PQ, Poly-3PQ, Poly-2TQ and Poly-3TQ) were prepared by 

oxidative dehydrogenations of the corresponding benzonoidal polymers using 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone (DDQ) (see Schemes 1 and 2).  Details on the synthesis of 

the monomers and polymers are provided in the Supporting Information. 

All polymers were purified by precipitation using methanol and a mixed solvent 

(methanol/acetone/CHCl3).  Generation of the alternating benzonoid and quinoid structure 

in the polymers was confirmed from NMR measurements.  Figure 1 shows 
1
H NMR spectra 

of Poly-2PB and Poly-2PQ in CD3Cl.  The peak at 5.8 ppm assigned to the methine group 

of Poly-2PB disappeared when the polymer was oxidised with DDQ.  The integration value 

of the methine peak of Poly-2PB was 1.3 H, indicating that Poly-2PB consisted of 65 % of 

the benzonoidal structure and 35 % of the quinoidal structure in the repeating unit.  This 

result indicates that the methine moieties in Poly-2PB were partially oxidised during the 

polymerisation by the sulfuric acid. 

  

(Figure 1) 

 

The molecular weights of the polymers were determined by gel permeation 

chromatography (GPC) in THF using a polystyrene standard.  The polymerisation results 

are shown in Table 1.  The degrees of polymerisation in Poly-2PQ and Poly-3PQ were 10 

and 9, respectively, which implies that the numbers of the thienylene units in Poly-2PQ and 
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Poly-3PQ were 20 and 27, respectively.  Meanwhile, the degrees of polymerisation in Poly-

2TQ and Poly-3TQ were 3 and 3, respectively, implying that the numbers of the thienylene 

unit in Poly-2TQ and Poly-3TQ were 6 and 9, respectively.  It is clear that the molecular 

weights and degrees of polymerisation of Poly-2PB and Poly-3PB were larger than those of 

Poly-2TB and Poly-3TB.  This difference suggests that the terphenylene moiety is more 

favourable as a side chain in the arylene methine-based polymer than the terthienylene moiety. 

 

(Table 1) 

 

  We investigated thermal stability of the quinoidal polymers.  Figure 2 depicts 

thermogravimetry (TG) data.  It is seen that although Poly-2PQ and Poly-3PQ are gradually 

decomposed upon heating, Poly-2TQ and Poly-3TQ show a drastic degradation at 

approximate 350 °C.  Thus, the former polymers (Poly-2PQ, Poly-3PQ) are thermally more 

stable than the latter polymers (Poly-2TQ, Poly-3TQ).  This difference is mainly due to the 

difference of molecular weights.  Namely, the degrees of polymerisation of the 

corresponding precursors of the former (Poly-2PB and Poly-3PB) are approximate three 

times higher than those of the latter (Poly-2TB and Poly-3TB), as shown in Table1.  These 

results suggest that the quinoidal polymers with terphenylene moieties have good thermal 

stability and suitable for annealing process.   

Subsequently, we examined the polymer structures of the quinoidal polymers.  Figure 3 

depicts powder X-ray diffraction (XRD) patterns of the polymers.  Broad and weak 

diffractions at approximate 12.7∼18.0 Å were observed in small angle region (2θ = 4.9∼7.0°).  

These diffractions may correspond to the distances between next-neighbouring side chains 
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that are located in the same sites among alternatively positioning side chains (see Figure 3).  

Meanwhile, the broad diffractions at approximate 4 Å were observed in wide angle region (2θ 

= 18.9∼22.0°), corresponding to the distances between π−stacked polymers chains.  It is 

likely that the polymers (Poly-2TQ and Poly-3TQ) with terthienylene side chains are closer 

π−stacked than those (Poly-2PQ and Poly-3PQ) with terphenylene side chains due to a more 

planar structure of the terthienylene side chains. 

 

(Figure 2 and 3) 

 

The quinoidal polymers were investigated by various spectroscopic methods after the 

oxidative dehydrogenations of benzonoidal polymers by DDQ.  The results from NMR, 

GPC, and infrared (IR) spectra verified the proposed benzonoidal and quinoidal structures of 

the prepared polymers (Figure S1).  

 

Optical properties 

Figure 4 shows the UV-Vis-NIR absorption spectra of the benzonoidal and quinoidal 

polymers in CHCl3 (c = 1 × 10
−4
 M).  Poly-2PQ exhibited a broad band at 600 nm due to a 

π-π* transition of the main chain with a quinoidal structure.  A very weak band at 600 nm 

was also observed in Poly-2PB due to its partial oxidation by sulfuric acid during the 

polycondensation.  The band at approximate 300 nm was attributed to the terphenylene 

moiety in the side chain.  Poly-2PQ also showed a broad band from 900 nm to the NIR 

region.   
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(Figure 4) 

 

Poly-3PQ showed a shoulder at 750 nm and a broad band at 970 nm, which are 150 nm 

and 370 nm longer, respectively, than the corresponding band of Poly-2PQ at 600 nm.  This 

red shift is due to an increase in the effective conjugation length in Poly-3PQ.  In addition, 

Poly-3PQ showed intense bands for the side chains and the quinoidal segments of the main 

chain at ca. 300 nm and 400 nm, respectively.  The optical bandgaps were evaluated from 

the absorption edges of the polymers.  Interestingly, the quinoidal polymers exhibited 

absorption bands with long tails up to the NIR region, which made it difficult to strictly 

determine the onset of the absorption bands.  Nevertheless, the optical bandgaps of Poly-

2PQ and Poly-3PQ were estimated to be 1.7 eV and 0.8 eV, respectively.   

  Poly-2TQ and Poly-3TQ, which had terthienylene moieties in their side chains, showed 

absorption spectra similar to Poly-2PQ and Poly-3PQ, respectively.  As seen in Figure 4c 

and 4d, Poly-2TQ and Poly-3TQ exhibited absorption bands at 700 nm and 890 nm, 

respectively, due to a π-π* transition of the main chain with a quinoidal structure.  The 

optical bandgaps of Poly-2TQ and Poly-3TQ were estimated to be 1.5 eV and 0.8 eV, 

respectively.  Although Poly-2TQ showed no band in the NIR region, Poly-3TQ showed a 

broad band in the range from the visible to the NIR region due to the quinoidal structure.  

Changing from the terphenylene moiety to the terthienylene in the side chains caused a 

slight decrease in the optical bandgap between Poly-2PQ and Poly-2TQ, possibly due to the 

higher planarity of the terthienylene moiety.  However, the planarity of the terthienylene 

moiety reduced the flexibility and solubility of the polymers.  This is the reason why a much 

longer alkyl chain, i.e., a docosyl group (-C22H45), at the terminal site of the terthienylene in 

the side chains was used to improve the solubility of the polymer.  Nevertheless, the 
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intrinsically lower solubility of the polymers bearing terthienylene side chains caused 

premature termination of the polymerisation, resulting in low molecular weights for Poly-

2TQ and Poly-3TQ, although these polymers exhibited lower bandgaps based on optically 

evaluation (see Table 2). 

 

Electrochemical properties 

Figure 5 shows cyclic voltammetry (CV) results for quinoidal polymer films.  The films 

were prepared by spin-casting the polymer solutions (5 mg/mL in CHCl3) onto ITO glasses 

(10 mm × 30 mm × 1 mm, 10 Ω/cm
2
).  Note that Poly-2TQ and Poly-3TQ showed low 

uniformity and brittleness in the spin-cast films because of their poor solubility in organic 

solvents and low molecular weights (see Table 1).  
 

 

(Figure 5) 

 

The CV curves of polymer films were recorded with a voltage of 10 mV/s in 0.1 M 

tetrabutylammonium perchlorate (TBAP)/acetonitrile.  Ag/AgCl was used as a reference 

electrode and calibrated with ferrocene.  The half-wave potential of the 

ferrocene/ferrocenium (Fc/Fc
+
) redox couple [E1/2 (Fc/Fc

+
 vs. Ag/AgCl)] was estimated from 

the following equation:  

 

                   E1/2 (Fc/Fc
+
 vs. Ag/AgCl) = (Eap + Ecp)/2 ,                    (1) 

 

where, Eap and Ecp are the anodic and cathodic peak potentials, respectively.  The half-wave 

potential of Fc/Fc
+
 was found to be 0.52 V relative to the Ag/Ag

+
 reference electrode.  A 
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method for evaluating HOMO and LUMO energy levels using the onset potentials, Eox/onset 

and Ered/onset, has previously been reported.
16
  This conventional method was used here to 

estimate the HOMO and LUMO energy levels of polymers on the basis of the reference 

energy level of ferrocene (4.8 eV below the vacuum level) as follows: 

 

     EHOMO = – [4.8 eV – E1/2 (Fc/Fc
+
 vs. Ag/AgCl) + Eox/onset (vs. Ag/AgCl)],       (2) 

     ELUMO = – [4.8 eV − E1/2 (Fc/Fc
+
 vs. Ag/AgCl) + Ered/onset (vs. Ag/AgCl)].       (3) 

 

The oxidation and reduction potentials (Eox/potential and Ered/potential) of Poly-2PQ were +1.63 V 

and −1.23 V, respectively, and those of Poly-3PQ were +0.74 V and −1.67 V, respectively.  

The Eox/onset and Ered/onset of Poly-2PQ were +1.37 V and −0.80 V, respectively, and those of 

Poly-3PQ were +0.39 V and −1.22 V, respectively.  Thus, the EHOMO and ELUMO of Poly-

2PQ were estimated to be −5.7 eV and −3.5 eV, respectively, and those of Poly-3PQ were 

estimated to be −4.7 eV and −3.1 eV, respectively (Table 2, Figure 5a and b).  The EHOMO 

and ELUMO of Poly-3PQ were higher than those of Poly-2PQ, respectively, owing to an 

increase in the effective conjugation length of the main chain of Poly-3PQ.  The 

electrochemical bandgaps estimated from the EHOMO and ELUMO of Poly-2PQ and Poly-3PQ 

were 2.2 eV and 1.6 eV, respectively.
17
   

Figure 5c and d show cyclic voltammograms (CV) of the quinoidal polymers with 

terthienylene moiety in side chain (Poly-2TQ and Poly-3TQ) in redox process.  The EHOMO 

and ELUMO of Poly-2TQ were estimated to be −4.7 eV and −3.0 eV, and those of Poly-3TQ 

were estimated to be −4.5 eV and −3.3 eV respectively.  The electrochemical bandgaps 

estimated from the EHOMO and ELUMO of Poly-2TQ and Poly-3TQ were 1.7 and 1.2 eV, 
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respectively.  The optical and electrochemical bandgaps of present polymers (Poly-2PQ, 

Poly-3PQ Poly-2TQ, and Poly-3TQ) are summarised in Table 2.  It is of interest that the 

bandgaps of the present polymers are comparable to or smaller than that of poly(3-

hexylthiophene) (P3HT; 1.9 eV).  The electrochemical bandgaps of the polymers were 

larger than the optical bandgaps due to extra energy requirements for redox potentials as well 

as the interface barrier for charge injection.
18−20

  The difference between the electrochemical 

bandgap and the optical bandgap gives the electron-hole Coulomb interaction energy.  

 

(Table 2) 

 

  Figure 6 shows the results of molecular mechanics (MM) calculations
21
 depicting three-

dimensional models of the benzonoidal polymer Poly-2PB and quinoidal polymer Poly-2PQ.  

In Poly-2PB, the main chain has a less planar and zigzag structure, and the side chains extend 

randomly from the main chain.  In Poly-2PQ, however, the main chain shows a planar and 

straight but slightly curved structure, and the side chains are orthogonal to the main chain.     

These results suggest that the quinoidal polymer has a longer effective conjugation length to 

result in a smaller bandgap compared to the benzonoidal polymer.  This result is in 

agreement with the experimental results mentioned above.  

 

(Figure 6) 

 

Hole mobility and electrical conductivity of quinoidal polymers 

Finally, it may be worthwhile to discuss the energy levels of the present polymers and the 

related materials from the viewpoint of charge carrier mobility in the photovoltaic cell.  The 
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charge carrier mobility in blend films can be evaluated by the space charge limited current 

(SCLC) method, for which the hole-only device with the same active layer thickness as actual 

devices is fabricated by constructing ITO / PEDOT−−−−PSS / active polymer−PCBM (1:1) / 

aluminium structure (Figure S6).  Here, ITO is indium tinoxide, PEDOT is poly(3,4-

ethylenedioxythiophene), PSS is poly(styrenesulfonic acid), and PCBM is [6,6]-phenyl-C61-

butyric acid methyl ester.  PEDOT−PSS is used as a hole-conducting buffer.  The solar 

cell containing the active layer of Poly-2PQ−PCBM exhibited a hole mobility of 3.4 × 10
−5
 

cm
2 
V
−1 
s
−1
, which is one order lower than that of the solar cell containing P3HT−PCBM (3.0 

× 10
−4
 cm

2 
V
−1 
s
−1
).  This may be due to the low molecular weight of Poly-2PQ.  The hole 

mobility could be improved by increasing the effective conjugation length of the polymer 

which should enhance delocalization of the charge carrier such as hole.  Note that the hole 

mobilities of other type of the quinoidal polymers were not able to be measured due to their 

poor film fabrication and also their low molecular weights.   

  The electrical conductivities of the polymer films were evaluated by measuring the surface 

resistance.
22
  The surface resistance and electrical conductivities of the quinoidal polymer 

films before and after iodine (I2)-doping are shown in Table 3.  The Poly-2PQ film showed 

a conductivity of 9.5 × 10
−7
 S/cm.  The I2-doped Poly-2PQ film showed an increase in 

conductivity by more than one order, i.e., 2.0 × 10
−5
 S/cm.  The effect of I2 doping in 

increasing the conductivity is confirmed in Poly-2PQ.  However, the conductivity of the 

present quinoidal polymer still remains semiconducting even after the doping.  Thus it is 

required to lengthen the effective conjugation length of the polymer. 

 

 (Table 3) 

Page 18 of 42Polymer Chemistry

P
ol

ym
er

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



19 

 

 

Energy levels of the quinoidal polymers 

In Figure 7 are depicted the HOMO and LUMO levels of the present quinoidal polymers 

and PEDOT-PSS and PCBM, as well as the energy levels of ITO and aluminium.  For 

comparison, the HOMO and LUMO levels of P3HT with Mn = 18,000 are also shown in this 

figure.  

 

(Figure 7) 

 

The LUMO levels of the present quinoidal polymers (−3.0 ~ −3.5 eV for Poly-2PQ, Poy-

3PQ, Poly-2TQ, and Poly-3TQ) are higher than that of PCBM (−4.1 eV; an electron 

acceptor), which should promote the transfer of electrons generated by charge separation to 

PCBM.  Meanwhile, the HOMO levels of the polymers (−4.7 ~ −4.5 eV for Poly-3PQ, 

Poly-2TQ, Poly-3TQ) are very close to that of ITO (−4.7 eV).  Thus, transfer of the hole 

generated by charge separation from the polymer to ITO through PEDOT-PSS is easy to 

occur, although reverse transfer of the hole from ITO to the polymer may also occur.   

It is of interest to note that the LUMO levels of the quinoidal polymers, particularly that of 

Poly-2PQ (−3.5 eV), are closer to that of PCBM (−4.1 eV) than P3HT (−2.9 eV).  Thus, 

electrons generated by charge separation in the Poly-2PQ-PCBM system transfer more easily 

to the aluminium through PCBM compared to the P3HT-PCBM system.  However, the 

HOMO level of Poly-2PQ (−5.7 eV) is more largely separated from that of the ITO (−4.7 eV) 

anode compared to P3HT (−4.8 eV).  Therefore, it may be more difficult for the hole 

generated by the charge separation to transfer from Poly-2PQ to ITO compared to the case of 
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P3HT.  It is anticipated that the more difficult hole transfer from Poly-2PQ to ITO may be 

improved by using PEDOT-PSS as a hole-conducting buffer, because the HOMO level of 

PEDOT-PSS (−5.2 ~ −5.3 eV)
23
 is between that of Poly-2PQ and ITO.  

 

 

 

 

Conclusion 

New types of low bandgap polymers, poly(bithienylenemethine) and 

poly(terthienylenemethine) derivatives, containing alternating benzonoidal and quinoidal 

structures in the main chains, were synthesised by introducing arylene moieties in the side 

chains.  The bandgaps of these polymers were tuned by changing the repeating units of the 

main chain and by achieving oxidative dehydrogenation of the benzonoidal polymers.  The 

terphenylene or terthienylene moieties on the side chains helped stabilize the quinoidal 

structure of the main chain by delocalizing the π-electrons of the main chain over the side 

chain.  The quinoidal polymers exhibited small optical and electrochemical bandgaps, as 

expected.  Namely, the optical and electrochemical bandgaps of the bithienylene-based 

quinoidal polymer with the terphenylene side chain (Poly-2PQ) were 1.7 and 2.2 eV, 

respectively, and those of the terthienylene-based quinoidal polymer with the terphenylene 

side chain (Poly-3PQ) were 0.8 and 1.6 eV, respectively.  Similarly, those of bithienylene-

based quinoidal polymer with the terthienylene side chain (Poly-2TQ) were 1.5 and 1.7 eV, 

respectively, and those of the terthienylene-based quinoidal polymer with terthienylene side 

chain (Poly-3TQ) were 0.8 and 1.2 eV, respectively.  In addition, the quinoidal polymers 

with the terphenylene moieties in the side chains (Poly-2PQ and Poly-3PQ) were easily 
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formed into films, but those with the terthienylene moieties in the side chains (Poly-2TQ and 

Poly-3TQ) exhibited poor film formation owing to their low molecular weight.
24
  The 

present quinoidal polymers bearing terphenylene moieties in the side chains could be 

potential materials for plastic electronics.   
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polymerization for Poly-2PB was in the range from 8 to 17, which was comparable to or 

approximate two times higher than the value (D.P. = 10) of the polymer synthesized by 

sulfuric acid.  The details of the polymers synthesized by alkyl and aromatic sulfonic acids 

will be reported elsewhere. 
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 Captions of Schemes, Figures, and Tables  

 

Scheme 1. Synthetic routes for benzonoidal and quinoidal polymers with ternary phenylene 

or thienylene moieties in side chains. 

 

Scheme 2. Structures of benzonoidal (Poly-2PB, Poly-3PB, Poly-2TB, Poly-3TB) and 

quinoidal (Poly-2PQ, Poly-3PQ, Poly-2TQ, Poly-3TQ) polymers with ternary phenylene or 

thienylene moieties in their side chains. 

 

Figure 1. 
1
H-NMR spectra of Poly-2PB (blue line) and Poly-2PQ (red line) in CDCl3.  The 

methine proton signal at ca. 5.8 ppm is indicated with a green dotted line box.  

 

Figure 2. TG plots of quinoidal polymers (Poly-2PQ, Poly-3PQ, Poly-2TQ, and Poly-3TQ) 

with heating rate of 10 °C/min in N2.  

 

Figure 3. (upper) X-ray diffraction patterns of (a) Poly-2PQ, (b) Poly-3PQ, (c) Poly-2TQ, 

and (d) Poly-3TQ.  (lower) Schematic representation of quinoidal polymer.  The distances 

between the next-neigbouring site chains were evaluated by molecular mechanics 

calculations using MMFF94 force field program (Spartan 10), where the quinoidal polymers 

with 10 repeating units consisting of alternative benzonoidal and quinoidal moieties were 

employed as model systems. 
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Figure 4. UV-Vis-NIR absorption spectra of (a) Poly-2PB and Poly-2PQ, (b) Poly-3PB and 

Poly-3PQ, (c) Poly-2TB and Poly-2TQ and (d) Poly-3TB and Poly-3TQ in CHCl3.  The 

blue and red lines in the spectra indicate the benzonoidal and quinoidal polymers, 

respectively.   

 

Figure 5. Cyclic voltammograms of (a) Poly-2PQ and (b) Poly-3PQ, (c) Poly-2TQ, and (d) 

Poly-3TQ films on a platinum electrode in acetonitrile containing 0.1 M 

tetrabutylammonium perchlorate (TBAP) measured with a scan rate of 10 mV/sec. 

 

Figure 6. Three-dimensional models for the benzonoidal polymer, Poly-2PB (above) and the 

quinoidal polymer, Poly-2PQ (below).  

 

Figure 7. (a) Comparison of energy levels between P3HT, quinoidal polymers, and PCBM. 

(*): HOMO and LUMO levels of the quinoidal polymers were measured from cyclic 

voltammograms. (b) The molecular structure of PEDOT-PSS and PCBM, and polymer 

structures of P3HT, Poly-2PQ, Poly-3PQ, Poly-2TQ, and Poly-3TQ. 

 

Table 1. Polymerisation results of Poly-2PB, Poly-3PB, Poly-2TB and Poly-3TB. 

a) D.P.: Degree of polymerisation 

b) T.U.: Number of thienylene unit 
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Table 2. Optical and electrochemical bandgaps of Poly-2PQ, Poly-3PQ, Poly-2TQ and 

Poly-3TQ. 

a) Reduction and oxidation potentials measured by cyclic voltammetry.    

b) The reduction and oxidation potentials were evaluated assuming that the absolute 

energy level of ferrocene/ferrocenium is below 4.8 eV in a vacuum.    

 

Table 3. Surface resistance and electrical conductivity of quinoidal polymer films 
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Scheme 1. Synthetic routes for benzonoidal and quinoidal polymers with ternary phenylene 

or thienylene moieties in side chains. 
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Scheme 2. Structures of benzonoidal (Poly-2PB, Poly-3PB, Poly-2TB, Poly-3TB) and quinoidal (Poly-2PQ, Poly-3PQ, Poly-2TQ, Poly-3TQ) 

polymers with ternary phenylene or thienylene moieties in their side chains. 
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Figure 1. 
1
H-NMR spectra of Poly-2PB (blue line) and Poly-2PQ (red line) in CDCl3.  The methine proton signal at ca. 5.8 ppm is indicated 

with a green dotted line box.   
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Figure 2. TG plots of quinoidal polymers (Poly-2PQ, Poly-3PQ, Poly-2TQ, and Poly-3TQ) with heating rate of 10 °C/min in N2.  
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Table 1. Polymerisation results of Poly-2PB, Poly-3PB, Poly-2TB and Poly-3TB. 

Polymer Mn Mw Mw/ Mn D.P.a (T.U.)b 

Poly-2PB 5,100 7,400 1.45 10 (20) 

Poly-3PB 5,000 8,000 1.60 9 (27) 

Poly-2TB 2,400 2,700 1.17 3 (6) 

Poly-3TB 2,600 2,800 1.08 3 (9) 

 

a) D.P.: Degree of polymerisation 

b) T.U.: Number of thienylene unit 
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Figure 3.  (upper) X-ray diffraction patterns of (a) Poly-2PQ, (b) Poly-3PQ, (c) Poly-

2TQ, and (d) Poly-3TQ.  (lower) Schematic representation of quinoidal polymer.  The 

distances between the next-neigbouring site chains were evaluated by molecular 

mechanics calculations using MMFF94 force field program (Spartan 10), where the 

quinoidal polymers with 10 repeating units consisting of alternative benzonoidal and 

quinoidal moieties were employed as model systems. 
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Figure 4. UV-Vis-NIR absorption spectra of (a) Poly-2PB and Poly-2PQ, (b) Poly-3PB and Poly-3PQ, (c) Poly-2TB and Poly-2TQ and (d) 

Poly-3TB and Poly-3TQ in CHCl3.  The blue and red lines in the spectra indicate the benzonoidal and quinoidal polymers, respectively. 
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Table 2. Optical and electrochemical bandgaps of Poly-2PQ, Poly-3PQ, Poly-2TQ and Poly-3TQ. 

 

Polymer 

UV-vis 
Optical 

bandgap 

(eV) 

Potential 
a)

 Energy level 
Electrochemical 

bandgap 

(eV) 

λmax 

(nm) 

λonset 

(nm) 

Epotential 

(V;vs Ag/Ag+) 

Eonset 
b)

 

(V;vs Ag/Ag+) 

HOMO 

(eV) 

LUMO 

(eV) 

Poly-2PQ 600 750 1.7 +1.63, −1.23 +1.37, −0.80 −5.7 −3.5 2.2 

Poly-3PQ 970 1560 0.8 +0.74, −1.67 +0.39, −1.22 −4.7 −3.1 1.6 

Poly-2TQ 680 810 1.5 +1.03, −1.74 +0.38, −1.24 −4.7 −3.0 1.7 

Poly-3TQ 890 1600 0.8 +0.85, −1.36 +0.23, −0.95 −4.5 −3.3 1.2 

 

 

 

 

 

a) Reduction and oxidation potentials measured by cyclic voltammetry.    

b) The reduction and oxidation potentials were evaluated assuming that the absolute energy level of ferrocene/ferrocenium is 

below 4.8 eV in a vacuum.    
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Figure 5. Cyclic voltammograms of (a) Poly-2PQ, (b) Poly-3PQ, (c) Poly-2TQ, and (d) Poly-3TQ films on a platinum electrode in acetonitrile 

containing 0.1 M tetrabutylammonium perchlorate (TBAP) measured with a scan rate of 10 mV/sec. 
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Figure 6. Three-dimensional models for the benzonoidal polymer, Poly-2PB (above) and the quinoidal polymer, Poly-2PQ (below).  
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Table 3.  Surface resistance and electrical conductivity of quinoidal polymer films 

Polymers 
Thickness 

(nm) 

Surface resistance  

(Ω/sq.) 

Electrical conductivity  

(S/cm) 

Intact I2 doped Intact I2 doped 

Poly-2PQ 167.0 6.3 × 10 10 3.0 × 10 9 9.5 × 10 −7 2.0 × 10 −5 

Poly-3PQ 132.3 5.1 × 10 11 1.8 × 10 10 1.5 × 10 −7 4.1 × 10 −6 

Poly-2TQ −
a − − − − 

Poly-3TQ 205.8 3.5 × 10 13 2.1 × 10 10 1.4 × 10 −9 2.3 × 10 −6 

 

a): No film of Poly-2TQ was obtained.  
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Figure 7. (a) Comparison of energy levels between P3HT, quinoidal polymers, and PCBM. (*): HOMO and LUMO levels of the quinoidal 

polymers were measured from cyclic voltammograms. (b) The molecular structure of PEDOT-PSS and PCBM, and polymer structures of 

P3HT, Poly-2PQ, Poly-3PQ, Poly-2TQ, and Poly-3TQ.
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Novel low bandgap poly(thienylenemethine) derivatives bearing terphenylene moieties 

in the side chains were synthesised.  The bandgaps were controlled by introducing 

quinoidal structures into the benzonoidal main chains.   
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