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Synthesis and electronic properties of new small band gap conjugated polymers, methine-bridged poly(3,4-ethylenedioxy-

pyrrole) (PEDOP) are reported. Density functional theory (B3LYP with 6-31G basis) are used to obtain the optimized

ground-state geometries and electronic structures of PEDOP and poly[(3,4-ethylenedioxypyrrole-2,5-diyl) methine]

(PEDOP-M). Theoretical bond length alternation of PEDOP is reduced by incorporating the methine bridge and leads to the

band gap reduction from 2.44 to 0.68 eV. The small band gap characteristic of PEDOP-M is further verified by preparing two

conjugated polymers, poly[(2,5-n-benzyl-3,4-ethylenedioxypyrrolediyl)-benzylidene-(2,5-n-benzyl-3,4-ethylenedioxypyr-

role-quinodimethanediyl)] (PbEDOP-b) and poly[(2,5-n-benzyl-3,4-ethylenedioxypyrrolediyl)-(p-nitrobenzylidene)-(2,5-n-

benzyl-3,4-ethylenedioxypyrrole-quinodimethanediyl)] (PbEDOP-nb). The optical band gap of PbEDOP-b and PbEDOP-

nb are 1.77 and 1.45 eV, respectively, while the electrochemical band gap of the former is 1.59 eV. Although the bulky side

groups of these two polymers result in a larger band gap than that of PEDOT-M, it indicates the small band gaps of such

polymers. The nitrobenzene group could extend the �-conjugation and lead to the smaller band gap of PbEDOP-nb than that

of PbEDOP-b. The present study suggests that methine-bridged poly(3,4-ethylenedioxypyrrole) is a class of small band gap

polymers.
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Small band gap (Eg) conjugated polymers have been

extensively studied1–4 due to their potential applications in

organic optoelectronic devices,1–12 such as photovoltaic cells,5,6

thin film transistors,7 light emitting diodes,8–10 electrochromic

devices,11 and supercapacitors.12 The band gap of conjugated

polymers can be manipulated through the molecular structures,

such as bond length alternation (BLA), planarity, aromaticity,

or donor/acceptor characteristics.1–3 Representative small band

gap polymers include poly(isothianaphthene) (PITN),13,14

poly(thiophene methine) (PTMs),15–18 polysquaraines,3 poly-

(thiopyrazine),19,20 poly(cyclopentadithiophene),21 poly(thieno-

[3,4,b]thiophene),22 and ladder polymers.1–3

Conjugated polymers with alternating aromatic and quinoid

isomers were shown to have intrinsic small band gaps,

including poly(thiophene methine) (PTM),15–18 poly(isothia-

naphthene methine),23,24 poly(pyrrole methine),25 and poly-

[(3,4-ethylenedioxythiophene-2,5-diyl) methine].26–28 In par-

ticular, the methine bridged conjugated polymers with the

thiophene backbone exhibited relatively smaller band gap less

than 1.0 eV. Recently, poly(3,4-dioxypyrrole) (PXDOP) has

been widely studied since it exhibits unique properties of high

conductivity, multicolor electrochromism, and rapid redox

switching.29–32 Although the oxidation potentials of PXDOPs

are very low (<0:05V versus SCE), they exhibit middle to high

band gaps of 2.0–3.4 eV.30 Besides, methine bridged poly(3,4-

dioxypyrrole) have not been synthesized and characterized yet.

Therefore, it would be worthwhile to explore the synthesis and

properties of small band gap poly(3,4-ethylenedioxypyrrole)

(PEDOP, 1 in Scheme 1) derivatives through the methine-

bridged approach, such as PEDOP (PEDOP-M, 2 in

Scheme 1).

In this study, we report the synthesis and electronic

properties of the methine bridged PEDOP. It is the first report

on synthesis of such polymer to the best of our knowledge.

Theoretical calculations based on density functional theory

(DFT) were performed to obtain the ground-state geometries

and electronic structures of PEDOP and PEDOP-M. Two

methine-bridged PbEDOP derivatives, PbEDOP-b and

PbEDOP-nb (3a and 3b, in Scheme 1), were synthesized via

the acid-catalyzed polymerization of n-benzyl-3,4-ethylene-

dioxypyrrole (bEDOP) with benzaldehyde and 4-nitrobenzal-

dehyde, respectively. The bulky side groups at the bridge

carbon of polymers 3 were introduced to provide enhanced

solubility as compared with PEDOP-M. For the synthesis of

small band gap conjugated polymers from acid-catalyzed

polymerization, the mechanism of forming aromatic and

quionid structure in the polymer structure was due to the

dehydrogenation reaction from the methylene bridged poly-

mers, poly(thiophene methine)15 or poly(3,4-ethylenedioxy-

thiophene methine) (PEDOT-M).28 The theoretical electronic

properties of the non-substituted PEDOT-M were shown to be

consistent with the experimental results from the bulky side
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group-substituted analogs. Hence, the acid-catalyzed polymer-

ization of n-benzyl-3,4-ethylenedioxypyrrole (bEDOP) with

benzaldehyde and 4-nitrobenzaldehyde would lead to the

proposed polymer structure with alternating aromatic and

quionid structure. Also, the theoretical calculation on the

electronic properties of PEDOP-M could be used to compare

with the experimental results from PbEDOP-b and PbEDOP-

nb. The polymer structures, thermal, optical and electrochem-

ical properties of polymers 3 were characterized. The exper-

imental electronic properties of the prepared methine-bridged

PbEDOP derivatives were compared with those from the

theoretical results to justify the small band gap characteristics.

Theoretical Methodology on the Electronic Structure

All of the calculations were performed on Gaussain0333 by

using density functional theory (DFT): Becke’s three-param-

eter hybrid functional34 combined with Lee, Yang, and Parr’s

correlation functional35,36 (B3LYP) was used with 6-31G basis

set. The geometries and electronic properties were calculated

by assuming all the polymers to be isolated, infinite, one

dimensional (linear) polymers. The starting unit cell geo-

metries were taken from the central part of corresponding

oligomers, and then fully optimized to the equilibrium geo-

metries inside a given lattice length on the constraints of

periodic boundary conditions by assuming that the unit cell is

repeated identically an infinite number of times along the

translation vector. Both the lattice parameter and molecular

structures were varied to locate the lowest energy position in

the unit cell.

EXPERIMENTAL

Materials

Benzyl-3,4-ethylenedioxypyrrole-2,5-dicarboxylate (95%,

Aldrich), triethanolamine (99%, Riedel-deHaën), benzaldehyde

(>98%, Acros), 4-nitrobenzaldehyde (99%, Acros), sulfuric

acid (Baker, 96%), hydrochloric acid and solvents were

purchased from Aldrich or Acros without further purification.

Synthesis

The synthetic routes of monomers and corresponding

polymers are shown in Scheme 2. 6-benzyl-3,6-dihydro-2H-

[1,4]dioxino[2,3-c]pyrrole-5,7-dicarboxylic acid (1) and 6-

benzyl-3,6-dihydro-2H-[1,4]dioxino[2,3-c]pyrrole (bEDOP,

2), were synthesized according to the literature.32 The general

procedure of synthesizing methine-bridged polymers of

PbEDOP-b and PbEDOP-nb were through acid-catalyzed

polymerization reported previously by one of us.15,16

Poly[(2,5-n-benzyl-3,4-ethylenedioxypyrrolediyl)benzylidene-

(2,5-n-benzyl-3,4-ethylenedioxypyrrole-quinodimethanediyl)]

(PbEDOP-b). The polymerization mixture was n-benzyl-

3,4-ethylenedioxypyrrole (300mg, 1.39mmol), benzaldehyde

(174.34mg, 1.61mmol), 4mL of p-dioxane, and 47mg

(0.46mmol) of 98% sulfuric acid. The reaction temperature

was kept at 65 �C for 24 h. A dark purple reaction solution was

precipitated into 300mL of stirring methanol, recovered,

recrystallized from THF/hexane, and dried in a vacuum oven

at 40 �C for 12 h. The yield was 60%. 1H NMR (DMSO-d6):

� ¼ 3:40{4:38 (8H, 4(–CH2)), 4.52–5.30 (4H, 2(–CH2)), 6.00–

7.65 (20H, phenyl rings). Molecular weight: weight-average

molecular weight (Mw) = 4930, polydispersity index (PDI) =

1.62. Anal. Calcd. for (C40H33N2O4)n: C, 79.45; H, 5.33; N,

4.63. Found: C, 77.40; H, 5.71; N, 4.48. FT-IR (film on KBr,

cm�1): 3058, 3025, 2940, 2859, 1601, 1491, 1452.

Poly[(2,5-n-benzyl-3,4-ethylenedioxypyrrolediyl)(p-nitrobenzyl-

idene)(2,5-n-benzyl-3,4-ethylenedioxypyrrolequinodimethane-

diyl)] (PbEDOP-nb). The polymerization mixture was n-

benzyl-3,4-ethylenedioxypyrrole (400mg, 1.85mmol), 4-nitro-

benzaldehyde (325.66mg, 2.15mmol), 5mL of p-dioxane, and

63mg (0.62mmol) of 98% sulfuric acid. The reaction temper-

ature was kept at 60 �C for 24 h. A dark purple reaction solution

was precipitated into 400mL of stirring methanol, recovered,

recrystallized from THF/hexane, and dried in a vacuum oven

at 40 �C for 12 h. The yield was 70%. 1H NMR (DMSO-d6):

� ¼ 3:40{4:40 (8H, 4(–CH2)), 4.40–5.31 (4H, 2(–CH2)), 6.02–

8.45 (18H, phenyl rings). Anal. Calcd. for (C40H30N4O8)n: C,

69.39; H, 4.88; N, 7.83. Found: C, 67.56; H, 4.90; N, 7.57. FT-

IR (film on KBr, cm�1): 3062, 3030, 2973, 2927, 2869, 1585,

1573, 1516, 1452, 1343. Molecular weight: Mw ¼ 5160,

PDI ¼ 1:30.

Characterization
1H nuclear magnetic resonance (NMR) data was obtained by

a Bruker AV 300MHz spectrometer. FT-IR spectrum of the

prepared polymer on KBr pellet was obtained using a Jasco

Model FT-IR 410 spectrophotometer at room temperature. The

sample was scanned 32 times with resolution 4 cm�1. Gel

permeation chromatographic analysis was performed on a Lab

Alliance RI2000 instrument (two column, MIXED-C and D

from Polymer Laboratories) connected with one refractive

index detector from Schambeck SFD Gmbh. All GPC analyses

were performed on polymer/THF solution at a flow rate of

1mL/min at 40 �C and calibrated with polystyrene standards.
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Thermogravimetric analysis (TGA) and differential scan-

ning calorimetry (DSC) measurements were performed under a

nitrogen atmosphere at a heating rate of 20 and 10 �C/min

using a TA instrument TGA-951 and DSC-910S, respectively.

UV–visible absorption spectra were recorded on a Jasco model

UV/VIS/NIR V-570 spectrometer. For the solution spectra,

polymers were dissolved in THF (ca. 10�6 M) and then put in a

quartz cell for measurement. For the thin film spectra, polymers

were first dissolved in THF (1wt%) and then spin-coated on

glass substrate at 1000 rpm for 30 s. Then, the thin film samples

were dried at 60 �C under vacuum for measurement.

The electrochemical properties of the polymer films were

investigated on a Princeton Applied Research Model 273A

Potentiostat/Galvanostat with a 0.1M acetonitrile (99.5+%,

Tedia) solution containing tetrabutylammonium tetrafluorobo-

rate (TBABF4) (Fluka, >99:9%) as the electrolyte. Platinum

wire and rod-tip electrodes were used as counter and working

electrodes respectively. Silver/silver ion (Ag in 0.1M AgNO3

(Acros, 99.8%) in the supporting electrolyte solutions) was

used as a reference electrode. A 3wt% solution of a polymer in

THF or DMSO was used to prepare the polymer film on the Pt

rod-tip electrode. Then, the cyclic voltammetry of films was

performed on a three-electrode cell. The reference electrode

was calibrated through by the cyclic voltammetry of ferrocene

without any polymer added into the solution. The cyclic

voltammograms were obtained at a voltage scan rate of 40

mV/s. The potential values obtained versus Fcþ/Fc standard

were converted to the saturated calomel electrode (SCE) scale

by adding a constant voltage to them. The energy parameters

EA and IP were estimated from the measured redox potentials

on the basis of the prior work on conjugated polymers which

has shown that: IP ¼ ðEox þ 4:4Þ and EA ¼ ðEred þ 4:4Þ, where
the onset potentials are in volts (vs. SCE) and IP and EA are in

electron volts. The 4.4 eV constant in the relation among IP,

EA, and redox potentials is the SCE energy level versus

vacuum. The electronic structure parameters, HOMO and

LUMO, were estimated with the relation of HOMO ¼ �IP and

LUMO ¼ �EA by assuming no configuration interactions.

RESULT AND DISCUSSION

Geometric and Electronic Structures of Studied Polymers

Theoretical analysis on the geometries and electronic

structures of PEDOP and PEDOP-M was performed to

investigate the effect of methine-bridged backbone on the

electronic properties. Figure 1 shows the optimized unit cell

monomers:
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geometry of PEDOP-M and PEDOP, and the corresponding

geometric and electronic parameters are listed in Table I. In

general, a smaller bond length alternation (BLA, of adjacent

C-C and C=C bonds on the backbone) provides a better

�-delocalization through the polymer backbone and usually

leads to a smaller band gap.37 The BLA estimated from the

optimized geometry is defined as the difference of averaged

single-bond length and averaged double-bond length on the

backbone. For PEDOP-M, the averaged single-bond length

and averaged double-bond length on the backbone are 1.421

and 1.393 Å, respectively, and thus the corresponding BLA is

0.028 Å. On the other hand, the averaged single-bond length,

averaged double-bond length, and BLA of PEDOP are 1.426,

1.393, and 0.033 Å, respectively. It suggests that the incorpo-

ration of the methine bridge to PEDOP results in the smaller

BLA of PEDOP-M.

The estimated band gap for PEDOP-M is 0.68 eV, which is

much smaller than that of PEDOP with 2.44 eV. The band gap

reduction is probably attributed to the smaller bond length

alternation of PEDOP-M than the PEDOP, as described

above. If the bond length alternation is small, the HOCO

(highest occupied crystal orbital) antibonding interaction

would be strengthened but the bonding interaction would be

weakened. However, the case of LUCO (lowest unoccupied

crystal orbital) shows a reverse trend as that of the HOCO: the

bonding interaction would be strengthened whereas antibond-

ing interaction would be weakened.38 In this case, the HOCO

level of the PEDOP-M is destabilized by 0.44 eV, and the

LUCO level of the PEDOP-M is stabilized by 1.32 eV relative

to those of PEDOP. The above variation on the band structure

results in much smaller band gap of PEDOP-M as compared to

PEDOP. The smaller IP of PEDOP-M also indicates the lower

oxidation potential of PEDOP-M as compared to PEDOP.

The theoretical results suggest that the methine-bridged

PEDOP-M has a much smaller band gap than parent PEDOP.

Another interesting issue is to compare the difference on the

theoretical electronic structures of methine bridged PEDOP

and polypyrrole. The theoretical electronic properties of the

methine bridged pyrrole using the same methodology are

described as below: IP (3.20 eV), EA (2.47 eV), and Eg

(0.73 eV). In comparison, the electronic properties of PEDOP-

M are IP (2.54 eV), EA (1.86 eV), and Eg (0.68 eV). The

incorporation of the dioxy group leads to the lower IP of

methine bridged PEDOP than that of the methine bridged

pyrrole.

Polymer Synthesis and Structure

The solubility of PEDOP-M would be poor for character-

ization and thus PbEDOP-b (3a) and PbEDOP-nb (3b) with a

bulky side group were synthesized for exploring the electronic

properties. Similar to the reported PTM,15,16 the polymer

products obtained from the acid-catalyzed polymerization of

the bEDOP with aldehydes were highly colored, indicating its

conjugated backbone. The obtained polymers were soluble in
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Figure 1. The optimized unit cell geometries of PEDOP-M and PEDOP.

Table I. Geometric and electronic parameters of PEDOP-M and PEDOP

bond lengths (Å)a electronic parametersb

R(C1-CM)/R(C3-CM) R(C1-C2)/R(C2-C2) R(C3-C4)/R(C4-C4) BLA
IP EA Eg

(eV) (eV) (eV)

PEDOP-M 1.417/1.382 1.416/1.395 1.438/1.373 0.028 2.54 1.86 0.68

PEDOP — 1.393/1.407 1.393/1.407 0.033 2.98 0.54 2.44

aThe numbering of carbon atoms is shown in Figure 1. bIP/EA estimated as below: IP ¼ �HOMO, EA ¼ �LUMO.
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organic solvents, such as CHCl3, DMF, DMSO, acetone, and

THF, at room temperature. The average molecular weights

(Mw, PDI) measured by GPC with respect to PS standard of

PbEDOP-b and PbEDOP-nb are (4930, 1.62) and (5160,

1.30), respectively.

Figure 2 illustrates the 1H NMR spectrum of PbEDOP-b in

DMSO-d6. The peaks labeled as x and y are assigned to the

DMSO solvent (� ¼ 2:5 ppm) and water in DMSO-d6 (� ¼
3:3 ppm), respectively. The broad proton resonance around

3.73 ppm is attributed to be the ethylenedioxy moiety of

PbEDOP-b. Note that the same proton resonance of PbEDOP-

nb is around 3.93 ppm as shown in the supporting information

(Figure S1). The absence of proton signal in the region of 5.5–

6.0 ppm suggests that PbEDOP-b is fully dehydrogenated.

PbEDOP-nb also shows the fully dehydrogenated NMR

spectrum. The electron-donating ethylenedioxy moiety could

enhance dehydrogenation reactivity and facilitate the formation

of the quinoid moieties, which leads to the desired conjugated

polymers. Figure 3 shows the FT-IR absorption spectra of the

PbEDOP-b and PbEDOP-nb in the range of 500–4000 cm�1.

The absorption band at 2850–3000 cm�1 is contributed from

the C-H stretching vibration of methylene group on the

ethylenedioxy-ring or benzyl group. The absorption band at

3100 cm�1 represents the C-H stretching vibration (-sp2) of

pyrrole or phenyl rings. The absorption peaks within 1600–

1700 cm�1 suggest that the formation of the quinoid geometry

in the main chain. The C=C double bond in the main chain

rings shows its symmetric and asymmetric absorption at 1450

and 1500 cm�1, respectively. The two strong absorption bands

at 1343 and 1516 cm�1 in the spectrum of PbEDOP-nb are

assigned to the symmetric and asymmetric of stretching

vibration of N-O and N=O bonding in the p-nitrobenzylidene

moiety, respectively. The rather weak bands at 2869 cm�1 in

PbEDOP-nb are probably attributed to the overtones of the

NO2 symmetric stretching vibration bands. The absorption

band at 1250 cm�1 of PbEDOP-b and PbEDOP-nb are

assigned to the C-O-C stretching vibrations from the ethyl-

enedioxy moiety. The NMR and FT-IR results agree well with

the proposed structures of polymer 3 shown in Scheme 1.

The elemental analysis results of these two polymers show a

fair agreement with theoretical compositions. The analytic data

of these two polymers showed about 2% difference with the

expected carbon content, which are probably due to the end

group effect of low molecular weight polymers.

Thermal Properties

Figure 4 shows the TGA curves of PbEDOP-b and

PbEDOP-nb under nitrogen atmosphere. The thermal decom-

position temperatures of PbEDOP-b and PbEDOP-nb are 300

and 281 �C, respectively. The slight weight loss at the early

stage of heating is probably resulting from the easy disruption

Figure 2. The 1H NMR spectra of the PbEDOP-b in dimethyl sulfoxide-d6 (DMSO). The peaks labeled as x and y are assigned to the DMSO solvent and water,
respectively.
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of the ethylenedioxy moieties. No observable glass transition

temperature (Tg) is observed in the DSC curves, indicating

rigid backbones of methine-bridged PbEDOPs.

Optical and Electrochemical Properties

Figure 5 shows the UV–vis–NIR absorption spectra of the

PEDOP-nb and PEDOP-b solution in THF and thin films,

respectively. In Figure 5(a), the absorption maxima (�max) of

PbEDOP-nb in THF are observed at 240, 266, 388, and

589 nm, respectively. The absorption bands with the �max at

240 and 266 nm is assigned to the �-�� transition of the

ethylenedioxypyrrole and p-nitrobenzylidene moieties, respec-

tively. The other two absorption peaks at 388 and 589 nm in

PbEDOP-nb are attributed to highly conjugated moieties with

different degree of conjugation. The absorption spectrum of

PbEDOP-b in THF shows two major absorption bands at

237 and 516 nm, which are attributed to the EDOP and

�-conjugated backbone, respectively. The larger �max of

PbEDOP-nb than that of PbEDOP-b is attributed to the

extended �–electron delocalization from the nitrobenzene

group on the side chain. Another possibility is donor-aceptor

intramolecular charge transfer between EDOP and nitroben-

zene moieties. The absorption spectrum of PbEDOP-nb film

shows three major absorption bands with �max at 269, 395, and

623 nm, respectively. Similarly, for the PbEDOP-b film, two

major absorption bands at 204 and 522 nm are observed and

that at 522 nm is attributed to highly �-conjugated backbone.

The film absorption spectra of both polymers are red-shifted

from that of solution due to the enhanced interchain interaction.

The estimated band gaps of the PbEDOP-nb and PbEDOP-b

from the absorption edges are about 1.45 and 1.77 eV,

respectively. They are significantly smaller than those (2.0–

3.4 eV) of PXDOPs.30 It suggests the successful reduction of

band gap through the incorporation of methine bridge.

The electronic structure and properties of the PbEDOP-b

were further explored by cyclic voltammetry. Figure 6 shows

the cyclic voltammogram (CV) of the PbEDOP-b in the

potential range from �2 to 1V (vs. SCE) at the sweep rate of

40mV/s. The peak potentials (Ep) for the electrochemical

oxidation and reduction of the PbEDOP-b are shown at +0.90

and �1:44V, respectively. The onset potentials (Eon) for the

oxidation and reduction of PbEDOP-b are shown at +0.43 and

�1:16V, respectively, which correspond to an ionization

potential (IP) of 4.89 eV and electron affinity of 3.30 eV,
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respectively. Thus, the electrochemical band gap (Eel
g ¼

IP� EA) of the PbEDOP-b is estimated to be 1.59 eV, which

is lower than the optical band gap of 0.18 eV. PbEDOP-nb is

very soluble in most solvents for CV measurement and its

electrochemical properties could not be obtained, including

acetonitrile, propylene carbonate, dichloromethane, and ben-

zonitrile. Nevertheless, the electrochemical properties confirm

that the band gap of the methine-bridged PbEDOP-b is smaller

than that of PEDOP around 2.0 eV, which is in consistent with

the theoretical results.

CONCLUSIONS

New small band gap conjugated polymers of methine

bridged conjugated poly(3,4-ethylenedioxypyrrole) were stud-

ied. The theoretical analysis suggested that the incorporating

methine-bridge into poly(3,4-ethylenedioxypyrrole) decreased

the bond length alternation and led to the reduction of band

gap. The theoretical band gap of PEDOP-M was 0.68 eV,

significantly smaller than that of PEDOP with 2.44 eV.

Two soluble methine-bridged poly(3,4-ethylenedioxypyrrole),

PbEDOP-b and PbEDOP-nb, were successfully synthesized

by acid-catalyzed polymerization. The experimental band gaps

of PbEDOP-b and PbEDOP-nb also suggested the small band

gap characteristics. The small band gap characteristics of new

methine-bridged poly(3,4-ethylenedioxypyrrole) may have

potential applications in electronic and optoelectronic applica-

tions.
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