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Incorporation of w electron-rich dihydropyrene units into the polymer backbone of polythiophene
afforded a conducting polymer with narrow bandgap energy of about 1.0 eV. Doping of this polymer with
iodine showed an optimum conductivity of about 1.0 Scm~". The quinoid character and a small highest
occupied molecular orbital-lowest unoccupied molecular orbital (HOMO-LUMO) separation in the
dihydropyrene are believed to account for the observed semi-conducing properties of this dihydropyr-

ene-thiophene copolymer. The dihydropyrene unit in the copolymer was found to exhibit a significantly
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higher thermal stability than the parent molecule.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

In the design of organic electroactive materials, polymers with
narrow bandgaps (Egap < 1.5 €V) in their neutral state are desired
targets [1]. The significant reduction [2] in bandgap going from
polythiophene (Egap=2.1eV) to polyisothianaphthene 1 (Egap=
1.1 eV) and its pyrazino derivative 2 (Eg;, ~ 0.86-1.02 eV) has been
well documented [1d,3]. Attempts to moderate the electronic
structure of these materials through copolymers 3 [1d,4], 4 [1d,5]
and 5 [6] resulted in relatively larger bandgaps (Egap = 1.0-1.7 V).

A combination of factors including the coplanarity between
adjacent repeat units [1a,2], the quinoid character of the aromatic
moieties [7] and the presence of donor and acceptor units [8] is
expected to affect the Egyp value. The polymer 6 [9] exhibits
a narrow bandgap of about 0.9 eV [10]. Incorporating a benzene
ring in the polymer backbone as in 7 is expected to reduce the
quinoid character in the polymer. This was demonstrated by its
relatively larger bandgap of 2.5 eV [11]. The presence of a larger
benzenoid such as corene in 8 resulted in a highly insoluble
material [12].
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Results from theoretical calculations [13] indicate a large
decrease in the HOMO-LUMO separation going from benzene to
the 10b,10c-dimethyl-10b,10c-dihydropyrene 9. Thus going from
the polymer 7 to polymer 10 is expected to result in a significant
decrease in bandgap. The molecular structure of 9 is essentially
planar [14]. The quinone 11 is known and reduction of 10 affords
the 2,7-dihydro derivative 12 [15]. The above observation would
also suggest a possibility in reducing the energy bandgap through
the introduction of quinoid character 10B. Electrochemical studies
[16] of 9 and its reaction with an alkali metal indicated the
formation of a dianion [17]. Thus in the polymer 10 the thiophene
could serve as an aromatic donor and the dihydropyrene as
a quinoid acceptor. A related polymer 13 was reported to exhibit
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interesting optoelectronic properties [18] but it involves a struc-
turally different quinoid-type conjugation compared to that in 10
and may not allow a direct comparison with reported systems such
as 7. We report in this communication the synthesis and properties
of 2,7-di(2-thienyl)-10b,10c-dimethyl-10b,10c-dihydropyrene 14
and its polymer 10.

2. Experimental part
2.1. Characterization and analysis

Ultraviolet-visible (UV-vis) absorption spectra were obtained
on a Hewlett Packard 8452A Diode Array Spectrophotometer with
a Xenon lamp as light source. Conductivity was measured using
a four-point probe connected to Keithley constant-current source
system. Thermogravimetric analyses (TGAs) of polymer powders
were conducted on a Du Pont Thermal Analyst 2100 system with
a TGA 2950 thermogravimetric analyzer. A heating rate of
10 °Cmin~! with an air or nitrogen flowing of 75 mLmin~! was
used with the runs being conducted from room temperature to
1000 °C. Electrochemical study was performed on an EG & G 273A
potentiosat/galvanostat controlled by EG & G Model 270/250
Research Electrochemistry Software, V. 4.30. A three-electrode
system was used, with a Pt disc working electrode (effective area
0.5 cm?), a platinum foil counter electrode and a silver wire quasi-
reference electrode or an Ag/AgNOs3 (0.1 M in dry acetonitrile)
reference electrode. The quasi-reference electrode was calibrated
against ferrocene/ferrocenium ion and for control also against
a saturated calomel electrode (SCE) at the end of measurement.

2.2. Preparations

2.2.1. 2,7-Di(2-thienyl)-10b,10c-dimethyl-10b,10c-dihydro-
pyrene 14

Pd(PPh3),Cl, (100 mg, 0.14 mmol) was added to a solution of
2,7-dibromo-10b,10c-dimethyl-10b,10c-dihydropyrene [19] (336 mg,
0.86 mmol) and (2-thienyl)-tri-(n-butyl)tin [20] (0.80 g, 2.16 mmol)

in dry tetrahydrofuran (THF) (35 mL). The mixture was stirred at
room temperature for 20 h. During the course of the reaction the
color changed from green to red. The mixture was poured into
water (150 mL) and extracted with dichloromethane (CH,Cl,)
(100 mL x 2). The extracts were combined and washed with water,
dried (NaySO4), and evaporated under reduced pressure. The
residue was purified by chromatography on silica gel with hexane/
CHCl; (6:1) as eluent to give 14 (260 mg; 76%) as dark purple
needles, mp 224-226 °C; FTIR 3029, 2975, 2921, 2856, 1416, 1380,
1053, 878, 852, 823, 692, 661 cm~'. 'H NMR (300 MHz) 6 8.76
(s, 4H), 8.51 (s, 4H), 7.82 (d, 2H, = 4.2 Hz), 7.43 (d, 2H, J = 5.1 Hz),
7.25(dd, 2H, J; =4.2 Hz, ], = 5.1 Hz), —3.55 (s, 6H); UV-Vis (CH,Cl,)
Amax 338, 356, 388, 412, 524, 554 nm; MS m/z 396 (M, 12), 381(90),
366(100), 321(15), 183(30); Anal. calcd for CygHy0S2: C, 78.75; H,
5.08; S, 16.17. Found: C, 78.82; H, 5.26; S, 16.40.

2.2.2. Poly[2,7-di(2-thienyl)-10b,10c-dimethyl-10b,10c-
dihydropyrene] 10

The chemical polymerization reactions were carried out in
anhydrous solvents at 50 °C under vigorous stirring. A dry argon
flow was passed through the reaction medium and the evolved
hydrogen chloride gas was trapped in a U-tube with sodium
hydroxide. A solution of anhydrous iron(Ill) chloride (FeCls)
(186 mg, 1.15 mmol) in nitromethane (2 mL) was added dropwise
in 20 min to a solution of 14 (130 mg, 0.33 mol) in carbon tetra-
chloride (6 mL). The color of the mixture turned dark blue gradu-
ally. After stirring the reaction mixture for 10 h, the mixture was
poured into methanol. The dark blue solid was filtered and Soxhlet-
extracted with methanol until a negative test for iron(Ill) was
achieved with ammonium thiocyanate. The residue was stirred
with 10 mL of an ethanol-water solution of hydrazine (40%) for
24 h, filtered and Soxhlet-extracted again with methanol (16 h)
followed by acetone (16 h). Polymer 10 was obtained as a dark
purple powder with a golden luster (105 mg, 81%). FTIR 3071, 3032,
3017, 2971, 2932, 2855, 1431, 1377, 1342, 1053, 873, 788, 658 cm ™.
Anal. calcd for (CyeH1gS2)n: C, 79.15; H, 4.60; S, 16.25. Found: C,
78.32; H, 4.96; S, 16.43. Doped polymer was obtained by placing the
polymer disc in an iodine chamber.

The electrochemical polymerization of 10 (10 mg, 0.025 mmol)
was carried out in a cell in degassed THF (10 mL) in the presence of
n-BuyNClO4 (0.42 g, 1.25 mmol) under inert conditions at room
temperature using platinum electrodes at 0.5 mA/cm? and
a potential of 1V.

3. Results and discussion

A Stille coupling reaction [21] between 2,7-dibromo-10b,10c-
dimethyl-10b,10c-dihydropyrene [19] and (2-thienyl)-tri-(n-
butyl)tin [20] in the presence of a catalytic amount of Pd(PPhs),Cl,
afforded the desired monomer 14 in a 76% yield. A comparison of
the electronic spectrum of 14 in CH,Cl, (Fig. 1) with that of 9 [22]
suggests a strong conjugation effect. Significant bathochromic
shifts of the major absorptions are observed going from the parent
9 (Amax at 463, 377 and 338 nm) [22] to 14 (Amax at 554, 524, 412,
388 and 356 nm; Fig. 1). A chemical polymerization of 14 was
carried out according to a modified oxidative method (using FeCl;3
as oxidant) generally used for the preparation of polythiophene
[23]. A fine powder suspension of the polymer 10 was observed.
After dedoping by repeated treatment with dilute aqueous hydra-
zine solution, the polymer 10 was isolated as a dark blue-violet
powder, which was found only sparingly soluble in common
organic solvents. The yield of the polymer 10 could be improved
significantly by controlling the reaction temperature (5% yield at
room temperature; 81% yield at 50 °C). Elemental composition of
the neutral polymer as determined from microanalysis of samples
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Fig. 1. UV-Visible spectrum of monomer 14 in CH,Cl,.

obtained from different attempts supports the calculated empirical
formula (e.g. Calcd for (Cy6H18S2)n: C, 79.15; H, 4.60; S, 16.21. Found:
C, 78.32; H, 4.96; S, 16.43). Similar results were obtained in
repeated analyses. It is common to obtain relatively lower than
expected carbon values in combustion analyses of highly unsatu-
rated polymers based on aromatic carbocyclic structures [24]. This
is due to incomplete combustion with remaining residues. In most
cases, the values for H and S remain reasonably accurate for the
polymer 10 with a negligible inorganic content (<0.1 ppm Fe).
The FTIR spectrum of 10 shows a typical absorption at 783 cm™
(out-of-plane bending, Hg) and an observed absorption at 629 cm™!
corresponding to H, of the thiophene ring is consistent with
a polymerization process via the a-positions of the thiophene rings
in 14 to afford 10. The monomer 14 could also be polymerized
electrochemically either via cyclic voltammetry (CV) or by the
galvanostatic method. The monomer and electrolyte (1n-BusNCIO4
in THF) concentrations used were 2.5 x 102 and 1.25 x 10~ ! moldm 3,
respectively. The resulting polymer films were rinsed carefully with
absolute ethanol and acetone and then dried in an argon stream
prior to the cyclic voltammetric studies and spectrophotometric
analyses. In the CV polymerization approach, film formation was
relatively slow although the increase in peak currents observable
with the number of scans was indicative of progressive polymer
growth on the surface of the electrode. Polymer film prepared via
the galvanostatic method exhibited a monomer oxidation potential
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Fig. 2. Cyclic voltammogram of a thin film of polymer 10.
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Fig. 3. UV-Visible-NIR spectrum of a dedoped film of the polymer 10.

of ca. 1.0V at a current density of 500 pAcm 2. Films with good
stability on both platinum foil and indium tin oxide (ITO) glass
could readily be obtained.

Fig. 2 depicts the cyclic voltammogram of a thin film of polymer
10 deposited on platinum in the potential range of -2.0 to 1.2 V at
a scan rate of 100 mV s~ L The polymer 10 remained stable to both
p-doping and n-doping after repeated anodic and cathodic cycling.
The small difference in threshold potentials for p-doping and n-
doping is characteristic of narrow bandgap systems. At scan rates of
40-100 mV s~ !, both the cathodic and the anodic peak currents of
the n-type redox cycle were found to scale linearly with respect to
the scan rate. This suggests that kinetic limitation of the electro-
chemical reduction of the polymer is not significant [25]. From
Fig. 1, the electrochemical oxidation potential was observed to be
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Fig. 4. Changes in conductivity of iodine-doped polymer 10.
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Fig. 5. TGA-DTA study of (a) polymer 10 and (b) iodine-doped polymer 10.

0.91 V with an onset potential value of 0.19 V. This corresponds to
an estimated ionization potential (IP) of 4.59 eV for the polymer 10.
The peak potential for the electrochemical reduction is —1.71 V. The
onset potential value could be estimated to be —0.71 V, suggesting
that the electron affinity (EA) of polymer 10 is 3.69eV. The
observed electrochemical bandgap (the difference between IP and
EA) is thus only 0.90 eV, which is about 1.6 eV lower than that of 7
[11] with a benzene ring as linker.

The UV-Vis-NIR spectrum of a dedoped film of the polymer 10
(Fig. 3) exhibits two absorption maxima (Amax) at 591 and 851 nm,
respectively. Most conjugated polymers reported earlier are
generally characterised by a broad absorption band due to its
intrinsic energetic disorder derived primarily by the variation of
conjugation length in polymer segments. The two maxima
observed in the spectrum of 10 could be due to the presence of the
dihydropyrene moiety (the monomer 14 exhibits two significant
absorption maxima in the range of 500-600 nm; Fig. 1). The
bandgap energy of about 1.0 eV of the polymer, as determined from
extrapolation of the low energy absorption edge in its UV-vis
absorption spectrum (Fig. 2), agrees well with the value estimated
by the electrochemical method described earlier. This value places
the polymer 10 in the relatively small family of narrow bandgap
(<1 eV) conjugated polymers reported so far. Doping of a polymer
film of 10 with iodine was carried out in a closed chamber. Four-
probe conductivity measurement of the iodine-doped polymer was
correlated to the weight uptake of iodine. There was a rapid and
continuous upsurge in conductivity as the uptake of iodine
increased by weight (Fig. 4). There was a significantly large uptake
of iodine up to about 30% by weight and the optimum conductivity,
o, of 0.98+0.03Scm™! was obtained when the iodine uptake
reached about 25%.

The thermal properties of the polymer 10 in its neutral and
iodine-doped states were analyzed both in air and under nitrogen
atmosphere. The neutral polymer was found to be stable under
nitrogen with a residual weight of 72% at the end of the transition
(1000 °C) (Fig. 5a), indicating that the polymer has a strong back-
bone. Two weight losses at about 355 °C and 489 °C, respectively,
could be attributed to the cleavage of the C-S bond and the elim-
ination of the two methyl groups in the dihydropyrene (Fig. 5b).
Unexpectedly only a single-step degradation was indicated by
a relatively sharp peak at 515 °C with a final residue of only 7% by
weight when a thermal analysis of 10 was carried out in air. When
the iodine-doped polymer was studied under similar conditions in
air (Fig. 5b), a significant weight loss (of iodine) was observed at
163 °C (at 168 °C under nitrogen) with another relatively sharp
peak at 521 °C similar to that observed for the neutral polymer. The
weight of the residue was <1%. A possible explanation is that in air

the polymer was degrading and oxidising in such a way that the
weight changed only gradually with weight loss being balanced by
weight gain brought on by oxygen incorporation until the sample
actually ignited.

4. Conclusion

In conclusion the observed properties of the polymer 10 have
provided good evidence for the prediction that incorporating
aromatic non-benzenoids in the polymer backbone would result in
a decrease in bandgap and thus an increase in conductivity.
Another significant result derived from our work is that the dihy-
dropyrene moiety in polymer 10 is thermally more stable compared
to the parent molecule 9 that was shown to undergo thermal
rearrangement at ca. 200°C. [26]. Many non-benzenoids are
known to be thermally unstable but results in this work should
provide us with some confidence in further investigations of
polymers derived from non-benzenoid aromatic systems.
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