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A Novel Electrochromic Polyacetylene Derivative with Good
Fluorescence Properties Electrodeposited by Direct Anodic Oxidation
of 1,2-Methylenedioxybenzene
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ABSTRACT: Direct anodic oxidation of 1,2-methylenedioxybenzene (MDOB), one of the analogues of 3,4-
alkylenedioxythiophene and 3,4-alkylenedioxypyrrole, led to the formation of a novel polyacetylene derivative
poly(1,2-methylenedioxybenzene) (PMDOB) on a platinum sheet in acetonitrile with good fluorescence properties
of emissions at 390 and 410 nm, together with the electrochromic property from sap green (doped) to baby blue
(dedoped). IRIH NMR, 13C NMR and quantum chemistry calculations confirmed the polymerization occurred

at the G and G position on the benzene ring of the monomer, making the main backbone of PMDOB similar
to polyacetylene. SEM results indicated the formation of aligned PMDOB nanorod on the electrode surface. The
pressed PMDOB pellet has a conductivity of 0.8 S&nTo the best of our knowledge, this is the first report on

the electrochemical polymerization of MDOB and characterization of its polymer.

1. Introduction Scheme 1. Electrochemical Polymerization of
Alkylenedioxythiophene, Alkylenedioxypyrrole, and

Alkylenedioxybenzene
o

electrochemical polymerization
S

The pursuit of high-quality polymer films is still one of the
main goals in the research and development of inherently
conducting polymers (CPs). Among the CPs studied during the
past quarter century, poly(3,4-ethylenedioxythiophene) (PEDOT,
Scheme 1), which has high conductivity, good processing ability,
good mechanical property, and nice environmental stability, has
become one of the most successful CPs from both a fundamental
and practical perspective since its discovery in 1988he 3,4-
alkylenedioxy group substitution at thg-position on the
thiophene ring decreased the coupling defect throaght
positions, yielding regiosymmetric high-quality polymers. This
facilitates the applications of PEDOT in various areas, such as
antistatic coating, supercapacitors, electrode materials in organic
light-emitting diodes, and solar cefl§he main drawback which
limited the application of PEDOT was that the cost of their
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synthesis and further modification is too expensive. Considering
the significant positive effect on the property enhancement of
corresponding conducting polymers, the derivatives of 3,4-

alkylenedioxy-substituted pyrroles (Scheme 1) had also been

investigated. However, the main drawback of these derivatives
of polypyrrole was the relatively low oxidation potential of
alkylenedioxy-substituted pyrrole monomers, which made them
polymerize automatically in the air. This limited their further
exploration. From the alkylenedioxy derivatives of poly-

electrochemical polymerization
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deposition has been proved to be an especially useful method
for the preparation of high-quality conducting polymer fitm.

Electrodeposited PPP has a high degree of orientation with
almost fully coplanar rings. PPP generally was very purely para-

thiophene and polypyrrole, one question should be asked: howPClymerized® However, the polymerization of alkylenedioxy-

about the properties of other alkylenedioxy-substituted conduct-

ing polymers?

Besides polythiophenes and polypyrrole, ppiphenylene)
(PPP) is also a very hot topic in CPs. Electrooxidative
polymerization of heterocycles with concurrent polymer film
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substituted benzene derivatives (Scheme 1) and characterization
of its polymer had not been studied yet.

In this paper, the alkylenedioxy-substituted benzene was
electrochemically polymerized for the first time. The main
advantage for these monomers is their cheap commercial price.
To our surprise, the structure of poly(alkylenedioxybenzene)
was not similar to either poly(alkylenedioxythiophene) or PPP
(Scheme 1). The main backbone of poly(1,2-methylenedioxy-
benzene) (PMDOB) was similar to polyacetylene, one of the
simplest CPs. Furthermore, PMDOB film with good electro-
chromic properties, which transform from opaque sap green
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(doped) to transparent baby blue (dedoped) together with good
fluorescence properties, was easily prepared by direct anodic
oxidation of 1,2-methlenedioxybenzene (MDOB) in acetonitrile
(ACN) containing 0.1 mol £ BuyNBF,. On the other hand,

the polymerization of 1,2-ethylenedioxybenzene (EDOB) in the
same electrolyte was not very successful on the electrode. The
oligomer of poly(1,2-ethylenedioxybenzene) (PEDOB) attached
to the electrode dissolved quickly during polymerization.
Therefore, the polymerization mechanism, structural character-
ization, and the electrochemical behavior of PMDOB itself were
determined in detail.

2. Experiment

2.1. Reagents and TreatmentMDOB, EDOB (Acros Organics),
and commercial high-performance liquid chromatography grade . L . 2 R 2 . L . )
acetonitrile (ACN, Beijing East Longshun Chemical Plant) were -0.4 0.0 0.4 0.8 1.2 1.6
used directly without further purification. BMBF,; (Acros Organ- Potential / V
ics, 95%) was dried in a vacuum at 8Q for 24 h before use. . 1 1
Dimethyl sulfoxide (DMSO) was a product of Beijing East Fég)jui;eAléNCé/c;;mo;mO glm r%loktlEgLﬁl\El;B(é). gggn?HZnén r?':tltols;s: Mllgg?nv
Longshun Chemical Plant and was used directly. 1

2.2. Apparatus. The conductivity of as-formed PMDOB film
was measured by the conventional four-probe technique with o015 the reversibility of electron transfer during the elec-
pressed pellets of the samples. YVs spectra were taken by using ¢ | 7ati d al : the elect tivity of th
a Perkin-Elmer Lamda 900 UWis—NIR spectrophotometer. The ropolymerization and aiso examines the electroactivity ot the
infrared (IR) spectra were recorded by using KBr pellets of the Polymer film because the oxidation and reduction can be
polymers on the Bruker Vertex 70 FT-IR spectrometer. The monitored in the form of a currenfpotential diagram, i.e., CV
fluorescence spectra were determined with an F-4500 fluorescencediagram®® Figure 1 showed the CVs of 0.2 mol"'L EDOB
spectrophotometer (Hitachi). THel NMR and3C NMR spectra (A) and MDOB (B) in ACN containing 0.1 mol t* Bus;NBF,.
were recorded on a Bruker AV 400 NMR spectrometer, dgd As shown in Figure 1A, no apparent redox peak was found
DMSO was used as the solvent. The thermogravimetric (TG) and within five cycles, and PEDOB film deposited on the electrode
differential thermogravimetric (DTG) analyses were performed with splved quickly. During the polymerization, the color of the
a thermal analyzer of Netzsch TG209. Scanning electron micros- electrolyte became straw yellow quickly as CV scans proceeded.

copy (SEM) measurements were taken by using a JEOL JSM-636011;q implied the difficulty for the electrodeposition of PEDOB
LA analytical scanning electron microscope. The fluorescence on the electrode

guantum yields ¢) of PMDOB in solution was measured using . .

anthrancene in ACN (standarghe = 0.27) as a reference and On the other hand, there was an obvious reduction peak near

were calculated according to the well-known method given as 0.7 V in the first cycle for the CVs of MDOB (Figure 1B). In
the second cycle, a slight break point started at 0.9 V, and an

A inconspicuous peak near 1.0 V in oxidized cycle formed. Two
Doverall = Z—Ef¢ref (1) reductive peaks were found near 0.8 and 0.40 V, respectively.
U This pair of peaks was assigned to the transformation from

quinoid structure to aromatic state. As the potential scanning
Here, n, A, and | denote the refractive index of solvent, the continued, a polymer film was formed on the Pt electrode
absorbance at the excitation wavelength, and the intensity of thesurface. PMDOB can be reduced and oxidized between 0.38
emission spectrum, respectively. The subscript “ref” denotes the and 0.75 V. The increases of the redox wave currents implied
reference, and no subscript denotes the sample. Absorbances ofnat the amount of the polymer on the electrode increased. The
the samples and the standard should be sirfilar. potential shift of the wave current maximum provides informa-

The highest occupied molecular orbital (HOMO) energy level tion about the increase in the electrical resistance in the polymer
of the polymer was converted from the onset oxidation potential, poly

with the assumption that the energy level of ferrocene/ferrocenium fIlM and the overpotential needed to overcome the resistance.

(Fc) is 4.8 eV below vacuurh. All these phenomena indicated that hlgh-quahty_ P_MDOB film
2.3. Electrosyntheses of Polymer Films.Electrochemical was formed on the electrode. Because of the difficulty for the

syntheses and examinations were performed in a one-compartmenelectrodeposition of PEDOB, the following studies were mainly

cell with the use of model 263 potentiostafalvanostat (EG&G focused on PMDOB.

Princeton Applied Research) under computer control. The working  3.2. Electrochemistry of PMDOB Films.The electrochemi-

and counter electrodes were platinum wires with a diameter of 0.5 3| pehavior of as-formed PMDOB films was determined in

mm placed 0.5 cm apart. They were polished and cleaned by watery, oo mer-free ACN containing 0.1 mol& BusNBF, (Figure

and acetone successively before each examination. A typical 2). The steady-state cyclic voltammograms represented two

electrolyte was ACN containing 0.1 mol & BuyNBF,;, and the ; .
concentration of MDOB was 0.2 mol 1. All 4solutiéions were couple of redox peaks in slow scanning rate (25 m¥).sThe

deaerated by a dry nitrogen stream and maintained under a slight©dox peaks were centered at 0.52 and 0.71 V, which can be
overpressure during the experiments. The reference electrode wadhainly ascribed to the switch from para-quinoid to doped

a platinum wire immersed directly into the electrolyte. It was aromatic state. Following the increases of scanning rate, this
calibrated using the ferrocene (Fcfffeedox couple which has a  switch became unobvious. This was mainly due to the scanning
formal potentialEy, = +0.35 V vs platinum wire in this medium.  rate was faster than transformation from para-quinoid state to
doped aromatic state. The peak current densities were propor-
tional to the scan rates (inset of Figure 2), indicating good redox

3.1. Electrochemical Syntheses of PMDOB Film<Lyclic activity of the polymef! Furthermore, these films could be
voltammetry (CV) is a very useful method which qualitatively cycled repeatedly between the conducting (oxidized) 8?)({/

3. Results and Discussion
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Figure 2. (A) Cyclic voltammograms of PMDOB films in ACN
containing 0.1 mol t* BusNBF; in the potential range of 0-11.1 V
at potential scan rates of 25 (a), 50 (b), 100 (c), 150 (d), and 200 mV
s 1 (e). (B) Cyclic voltammograms of PMDOB films in ACN containing . . . e s
0.1 mol L Buy;NBF, in the potential range of 1.5 to 1.4 V at potential ! * ! ! !
scan rate of 50 mV8. The films were synthesized electrochemically 3000 Zs%avezl(l){)l%lberls/ogm'l 1000 300
in ACN containing 0.1 mol £* BusNBF; at a constant applied potential .
of 1.4 V. Figure 4. FTIR spectra of the MDOB (A) and doped PMDOB (B)

obtained potentiostatically at 1.4 V from ACN containing 0.1 mot L
. . . N . BusNBF, and 0.2 mol * MDOB.
insulating (neutral) states without significant decomposition of

the materials, indicating the high structural stability of the pypoB in solution (Figure 3C), the spectrum of doped
polymer. The oxidation potential onset of PMDOB was observed p\ipoB was quite similar (Figure éB). This is mainly caused

at +0.83 V (Figure 2B). Since the energy level of ferrocene/ by the automatic dedoping process of PMDOB in DMSO
ferrocenium (Fc) is determined by photoelectron SPectroscopy ¢\ tion. However. the doped PMDOB film showed another

in the solid state as4.§3 eV_, this method can only be considered strong absorption ’on the ITO electrode, from 430 to 850 nm
tobea rough approximatichThe HOMO energy O.f PMDOB. with a peak centered at ca. 530 nm (Figure 3D). This wide peak
was estimated to be5.63 eV. There was no reduc“(?” potent|a_| can be assigned to the absorption of conductive species on the
because of the unstable of PMDOB during negative potential main backbone of PMDOB in the doped state.

sganning. Therefore, the LUMO of PMDOB cannot be estimated On the other hand, PMDOB also showed good electrochromic
directly by the electrochemical method. properties between the doped and dedoped state, from sap green

3.3. Structural Characterizations. PMDOB can be thor- to baby blue, respective|y (Figure 3 inset)_ However, the
oughly dissolved in a strong polar solvent such as DMSO. electrochromic stability of PMDOB on the electrode in ACN
However, it cannot be dissolved in a common organic solvent yas not very good, maybe because of the short conjugation
such as tetrahydrofuran, GEl,, chloroform, DMF, etc. For  |ength of PMDOB in comparison with those popular conducting
characterization of the structure and properties of as-formed polymer together with the moving in/out of counterions during
polymers, UV-vis, fluorescence, IR, anéH NMR and *C the doping and dedoping processes. The band gap of PMDOB
NMR spectra of the polymer were determined. obtained from optical absorption edge was 3.26@Werefore,

The doped and dedoped PMDOB dissolved in DMSO was the LUMO energy level can be estimated by band gap and
orange. Figure 3 showed the WVis spectra of monomer (A), HOMO as—2.37 eV (band gag- LUMO—HOMO). It should
doped (B) and dedoped (C) PMDOB in DMSO. Similar to the be mentioned that obtaining absolute HOMO and LUMO levels
absorption of monomer, the polymer also showed strong from electrochemical data in combination with the energy gap
absorption at 282 nm, as shown in Figure 3. At the same time is still under debaté.
another wide absorption of PMDOB can also be found from  Figure 4 showed the infrared spectra of MDOB (A) and
302 to 360 nm. Generally, higher wavelength means higher PMDOB (B) in the doped state. From this figure, obvious
conjugation length. Therefore, the result of the red shift of UV changes were found between the monomer and polymer. Typical
vis spectra of PMDOB means higher conjugation backbone in peaks centered at 2900, 1483 @nin monomer (Figure 4A)
comparison with the monomé#.In comparison with dedoped  and 2912, 1465 cmi in polymer (Figure 4B) assigned to ﬂ&?DV
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Figure 5. *H NMR spectra of PMDOB (A) and MDOB (B). Solvent:
ds-DMSO.
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Figure 6. 3C NMR spectra of PMDOB (A) and MDOB (B). Solvent:
ds-DMSO.

stretching of—CH,— and vibration of G-C in aromatic ring.
The C-0O—C asymmetry stretching of MDOB and PMDOB
appeared at 942 and 934 chnrespectively. All the above
illustrates that the aromatic ring and the-O—C band were
not destroyed during electrochemical polymerization. The peaks
of MDOB, centered at 742 cm and multiplet from 2000 to
1600 cnt?, were assigned to the 1,2-disubstituted of aromatic
ring (Figure 4A). However, these peaks changed significantly
in the spectrum of the polymer (Figure 4B). The double peaks
were centered at 1600, 1503 thhand a single peak was
centered at 850 cm, indicating a 1,2,4,5-substituted benzene
ring. These results imply that polymerization of MDOB may
occur at the @and G position.

To further explicit the structure of PMDOB, thgd NMR
(Figure 5A) and'*C NMR (Figure 6A) spectra of PMDOB in
ds-DMSO were recorded by a Bruker AV 400 NMR spectrom-
eter. For comparison, théH and 3C NMR spectra of the
monomer were also included (Figure 5B,C and Figure 6B).
Three proton groups can be found in & NMR spectrum of
MDOB: 5.9, 6.79-6.83, and 6.856.88, which can be assigned
to the protons at the methylene (Figure 5B), b, and c positions
(Figure 5C), respectively. Because of the sggpin splitting
between protons at b and c positions, they both showed multiple
peaks (Figure 5C). In the spectrum of PMDOB, there was only
one singlet at 8.15 ppm. There may be three polymerization
mechanisms for the electrochemical polymerization of MDOB,
through b-b, b—c, and e-c positions. If the polymerization
happened through-tb or b—c, the proton lines would be a
triplet. Therefore, this singlet proton line at 8.15 ppm can be
assigned to the protons at the b position. This implies that the
polymerization site was the ¢ positiong{&nd G), and the main
backbone of PMDOB was similar to polyacetylene (Scheme
1). In addition, the chemical shift at 8.15 and 6.17 ppm moving
to lower field indicated higher conjugation length in comparison
with those of the monomég. Four group peaks can be found

Macromolecules, Vol. 39, No. 17, 2006

Table 1. Main Atomic Electron Density Populations for MDOB

atom electric charge atom electric charge
C 0.252394 G 0.252372
Cs —0.106342 G —0.141507
Cs —0.141497 G —0.106349
Cr 0.195729

Table 2. Main Composition and Proportion of the Frontier Orbitals
in MDOB (%)

atom HOMO-1 HOMO LUMO LUMO+1
C 0.040482 0.138078 0.097019 0.200874
Cy 0.040491 0.138083 0.097023 0.200863
Cs 0.297939 0.015842 0.311251 0.001481
Cy 0.074003 0.118812 0.070741 0.266536
Cs 0.074018 0.118794 0.070734 0.266543
Cs 0.297931 0.015852 0.311251 0.001482
Cy 0.000002 0.012764 0.000191 0.000019
Scheme 2. Structural Formula of Calculated MDOB
C7
0) (@)
Ci C2
Ces Cs
Cs Cs

in 13C NMR of MDOB (Figure 6B): 100, 108, 121, and 147
ppm, which can be assigned in a, b, ¢, and d in Figure 6B,
respectively. Although the peak intensity became weak after
polymerization, three group peaks at 101, 109, and 147 ppm
can also be found in Figure 6A. The peak of MDOB in 121
ppm disappeared it*C NMR of PMDOB (Figure 6A), which
was mainly due to the strength of 8ecoming weak following

its transition from a tertiary carbon to quaternary carbon during
the polymerization, in well agreement with the resultstidf
NMR.

To get deep insight into PMDOB structures and the polym-
erization mechanism, the atomic electron density population and
reactivity of MDOB monomer (Scheme 2) were also calculated
at the B3LYP/6-31G (d,p) level using Hyperchem software. The
results of main atomic electron density populations showed
negative electric charges on C(3), C(4), C(5), and C(6) (Table
1), which implied that these atoms will donate electrons when
MDOB monomer during electrochemical polymerization through
radical cation intermediates. According to the molecular orbital
theory, the reaction between the active molecules mainly
happens on the frontier molecular orbital and near orbital. For

A

ex=280nm

Relative Intensity

300 350 400 450 500

Wavelength / nm

Figure 7. Emission spectra of MDOB (A), doped PMDOB (B), and
dedoped PMDOB (C) in DMSO. CDV

550 600
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Figure 8. TGA curves of dedoped PMDOB films obtained potentio-
statically at 1.4 V from ACN containing 0.1 mol& Bu,NBF,; and
0.2 mol L"* MDOB after dedoping at-0.2 V until current was close
to zero.
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IR, IH NMR and®*C NMR. All these results indicated PMDOB
is one of the derivatives of polyacetylene, not PPP.

The photoluminescence properties of PMDOB were also
measured. As shown in Figure 7, an obvious emission peak at
390 and 410 nm was found in the fluorescence spectra of doped
(Figure 7B) and dedoped (Figure 7C) PMDOB, respectively.
For the monomer, it was located at 320 nm (Figure 7A). The
red shift of the emission peak further proved the formation of
conjugated backbone of PMDOB, in well agreement with the
UV —vis spectral results (Figure 4). The difference between
doped and dedoped PMDOB may be the effect of counterion.
These results imply that PMDOB may be a good candidate in
blue-light-emitting material, since it is very difficult to achieve
blue-light-emitting materiald* The fluorescence quantum yield
of as-formed PMDOB in DMSO was measured to be 0.13
according to eq 1.

3.4. Thermal Analysis.The thermal analysis was performed

under a nitrogen stream from 293 to 1128 K with a heating
rate of 10 K/min (Figure 8). The structure of PMDOB main

MDOB, the proportions of atoms C(1), C(2), C(4) and C(5) in backbone was kept up to 691 K. There was three-step loss of
HOMO were higher than other atoms as listed in Table 2. At weight (Figure 8A). The first one is from 413 to 559 K, up to
the same time, C(3), C(4), C(5), and C(6) also had rich negative 5.97%, which can be ascribed to water evaporation or other
charges (Table 1). These theoretical results implied that the moisture trapped in the polymer. The second one occurred from
polymerization between the monomer would happen preferen-559 to 691 K, up to 28.44%, which was attributed the
tially on C(4) and C(5), in well accordance with the results of degradation of the skeletal PMDOB backbone chain structure.

©)

(D)

Figure 9. SEM micrographs of PMDOB film deposited on the ITO glass electrode surface from ACN containing 0.1 hB,NBF, at applied
potential of 1.4 V. (A) and (B): doped; (C) and (D): dedoped.

CbhV
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The last one was about 66.19% from 693 to 1085 K, possibly
owing to the overflow of some oligomers that decomposed from
the PMDOB. From the DTG curves (Figure 8B), the fastest
weight change rate of PMDOB films occurred at 686.8 K. All

these results indicated that PMDOB had good thermal stability.

3.5. Morphology and Conductivity. The typical SEM

images of PMDOB films are shown in Figure 9. The doped

PMDORB film was an aligned nanorod with a diameter of £00

2000 nm (Figure 9A,B). Partly coralloid cluster embellished
on the surface during electrodeposition. The surface of coralloid
cluster was a distribution of hole with a diameter about 100

nm. After dedoping at a constant applied potentiat-@2 V,

the surface of PMDOB film became uneven (Figure 9C,D). This
was due to the migration of counteranion out of the polymer
surface, which broke the smooth surface of these nanorods. The

Macromolecules, Vol. 39, No. 17, 2006
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the hole appeared as belemnoid. The main reason for the
production of PMDOB nanorods may be ascribed to the self-
assembly of MDOB monomer on Pt electrode in ACN.

Generally, the production of nanomaterials through electro-

chemical method needs templates such a®©Abr polycar-
bonate or using a template-free meth®dduring the polym-
erization of MDOB in ACN+ 0.1 mol L BusNBF4, no

template and no surfactants were used. Therefore, the formation
of PMDOB nanorod should be a template-free approach. Th
usage of ITO electrode acted as nucleation center and self- (g) (a) pommerehne, J.; Vestweber, H.: Guss, W.; Mahtt, R. F.: Bassler
assembly occurred around these centers, and PMDOB nanorod
was formed on the electrode surface. This is a facile method

for the production of PMDOB nanomaterials.
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measured to be 0.8 S ¢y making PMDOB good semicon-
ducting materials.

4. Conclusion

In summary, a novel conducting polymer PMDOB with
electric conductivity of 0.8 S cni through pressed pellets of
the samples, whose main backbone was similar to polyacetylene,
with good fluorescence property were easily electrochemically
deposited by direct anodic oxidation of MDOB in ACN

containing 0.1 mol £ BuyNBF,. UV—vis, FT-IR, 'H NMR,

13C NMR, and quantum chemistry calculations determined the
structure of PMDOB as a polyacetylene derivative. Furthermore,
PMDOB owns good thermal stability. As-formed PMDOB on
ITO electrode was nanorod. To the best of our knowledge, this
is the first report on the electrochemical polymerization of

MDOB and characterization of its polymer.
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