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The synthesis of regioregular poly(3-hexyl)selenophene is

reported, and its optical and electrical properties are compared

to those of regioregular poly(3-hexyl)thiophene.

Polythiophene based materials, in particular regioregular poly-

(3-hexyl)thiophene (P3HT), have emerged as amongst the most

promising p-type polymeric semiconductors in a variety of

applications. For bulk heterojunction organic photovoltaic devices,

blends of P3HT with fullerene derivatives1–4 have shown the

highest reported efficiencies to date. For these devices P3HT

exhibits a desirable combination of high charge carrier mobility

with relatively long wavelength absorption. The semicrystalline

nature of P3HT also allows for microphase separation of the

polymer from the n-type semiconductor during a thermal

annealing step.1,5 This is important in both optimising the interface

between the two semiconductors to promote exciton dissociation

and creating percolation pathways for charge transport. The

development of polythiophene analogues that can capture more of

the photon flux from the solar spectrum is one strategy to further

improve photovoltaic efficiency.6 This can be achieved by reducing

the band gap of the semiconducting polymer.7 However, an

undesirable consequence with this approach can be a reduction in

the open circuit voltage of the device (Voc), and therefore a

reduction in cell efficiency.8 The Voc in bulk heterojunction devices

is derived primarily by the energy difference between the highest

occupied molecular orbital (HOMO) of the donor and the lowest

unoccupied molecular orbital (LUMO) of the acceptor.9 Therefore

strategies to reduce polymer band gap should not do so at the

expense of raising the polymer HOMO level (i.e. the HOMO

energy level should not move closer to vacuum level).

Our strategy for designing polythiophene analogues with

reduced band gaps was based upon the observation that the

HOMO in thiophene based oligomers and polymers has no

coefficient on the sulfur heteroatom, whilst the LUMO has a

significant contribution on the heteroatom.10 We thereby reasoned

that replacement of sulfur for selenium in the polymer backbone

would only have a small influence on the HOMO energy level of

the polymer, which would primarily result from the small

difference in electronegativity between sulfur and selenium (S vs.

Se is 2.5 vs. 2.4 respectively). In contrast, for the LUMO, theory

predicts that the stabilising effect of the heteroatom on the LUMO

can be directly related to the ionisation potential (IP) of the

heteroatom,11 such that the larger the ionisation potential of

the heteroatom the smaller the stabilisation of the LUMO of the

heterocycle. Since the IP of selenium is smaller than that of sulfur,

we would expect the LUMO of selenophene to be lower in energy

(i.e. further from vacuum level), and therefore poly(selenophene)

to have a reduced band gap in comparison to polythiophene whilst

maintaining a similar HOMO energy level, and therefore similar

Voc in heterojunction devices.

Poly(3-alkyl)selenophenes have been previously prepared by

either electrochemical or chemical oxidation methods.12,13 For

these synthetic methods there is little control of the relative

regiochemistry of the alkyl sidechains with respect to each other,

and the degree of head-to-tail (HT) regioregularity (the percentage

of head-to-tail alkyl couplings) is expected to be low.14 In these

cases, the polymers were reported to have similar or larger band

gaps than analogous poly(3-alkyl)thiophene prepared by the same

methods. This was attributed to a lack of co-planarity between

selenophene rings in the backbone, which was caused by steric

interactions between the larger selenium atom and neighbouring

alkyl chains.12 We reasoned the detrimental steric interactions

could be reduced by the preparation of regioregular polyseleno-

phene where the high degree of order of the alkyl sidechains could

allow crystallisation of the polymer backbone.

The synthesis of regioregular poly(3-hexyl)selenophene (P3HS)

is shown in Scheme 1. 3-Hexylselenophene13 was readily

dibrominated in the 2,5 positions by treatment with two

equivalents of N-bromosuccinimide in THF to afford the product
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in high yield. Polymerisation was achieved by following a similar

method to the Grignard metathesis route developed for thiophene

polymers.15,16 Treatment of the monomer with 0.98 equivalents of

n-butylmagnesium chloride afforded a mixture of 2-bromo-3-

hexyl-5-bromomagnesio-selenophene and 2-bromomagnesio-3-

hexyl-5-bromo-selenophene in a 4 : 1 ratio (as determined by

GCMS analysis of a quenched sample). No bis(Grignard) product

was detected. Treatment of this mixture in situ with a catalytic

amount of Ni(dppe)Cl2 produced the HT coupled regioregular

P3HS. The crude polymer was purified by a combination of

precipitation and Soxhlet extraction. The yield of the chloroben-

zene soluble fraction was 70–80%. Typical weight average

molecular weights (Mw) measured using GPC against polystyrene

standards were in the range of 70,000 to 200,000 g mol21,

depending on the catalyst and monomer concentration, with

typical polydispersities around 2.

The high degree of regioregularity was confirmed by 1H and 13C

spectroscopy in warm CDCl3 (see ESI{). The 13C NMR shows

only four distinct signals in the aromatic region, attributable to the

selenophene ring carbons. The 1H NMR exhibits a clean triplet in

the methylene region at 2.73 ppm, in addition to a single singlet in

the aromatic region at 7.11 ppm. By analogy with P3HT,17 the

degree of regioregularity was estimated by integration of the

methylene signals as greater than 97%. The fact that the selenium

77 isotope is NMR active with a spin of one half, gives an

additional tool to probe the regioregularity of the polymer

backbone. The 77Se NMR spectrum in chloroform exhibits a

single resonance at 610.61 ppm, providing additional evidence for

the high degree of uniformity of the backbone.

The absorption spectra of both regioregular P3HS and P3HT in

solution (chlorobenzene) and as a thin film are shown in Fig. 1.

P3HS exhibits an absorption maximum at 499 nm in solution, a

bathochromic shift of over 40 nm compared to P3HT. The shift is

even more pronounced in the solid state, with P3HS exhibiting a

maximum at 630 nm, in comparison to 550 nm for P3HT. The

band gap of P3HS was estimated at 1.6 eV by the onset of the

optical absorption at 760 nm, a reduction of 0.3 eV compared to

P3HT. This is in contrast to regiorandom P3HS which is reported

to have a larger band gap than regiorandom P3HT.12 The

observation of vibronic structure and a pronounced longer

wavelength shoulder at 690 nm in the thin film is indicative of

aggregation in the solid state. The photostability of thin films was

also investigated in comparison to P3HT of similar Mw and

regioregularity. Thus thin films of 25 nm thickness were irradiated

in parallel under accelerated solar spectrum conditions in ambient

air, and their absorbance spectrum recorded over time. For both

polymers the intensity of lmax decreases over time and slightly blue

shifts, presumably as a consequence of photodegradation decreas-

ing the conjugation length of the polymer. The ratio of the initial

intensity of lmax versus the degraded lmax over time is shown in the

ESI.{ We find that P3HS degrades more slowly than P3HT under

these conditions. Photooxidation mechanisms in P3HT are

complex, but the initial step is photoexcitation of an electron

from the HOMO to the LUMO to form an excited singlet state.

This excited state can decay through several pathways, one of

which can involve transfer of energy from the LUMO to oxygen to

generate superoxide anion, which can react irreversibly with the

conjugated backbone. We speculate that the lower lying LUMO of

P3HS reduces the rate of this transfer, accounting for the higher

photostability. P3HS was also found to exhibit good thermal

stability, losing less than 5% of its weight upon heating to 350 uC,

as determined with TGA under a nitrogen atmosphere.

The DSC thermogram of P3HS shows behaviour typical of a

semi-crystalline polymer. The melt occurs at 255 uC, an increase of

15 uC compared to P3HT of similar molecular weight and

polydispersity. Upon cooling a sharp, high enthalpy (16 J g21)

crystallization exotherm occurs at 225 uC, indicative of a high

degree of crystallinity. Grazing incidence X-ray scattering of

annealed P3HS films showed sharp diffraction peaks evident of

semicrystalline morphology (see ESI{). Out of plane peaks

characteristic of lamellar structure were observed with a d spacing

of 15.2 Å. Similar spacings have been observed in P3HT films.4

The ionization potential of P3HS as a thin film, determined by a

UV photoelectron spectroscopic technique, was 4.8 eV, identical to

the IP of P3HT measured under identical conditions.18 The

electrochemical characteristics of P3HS and P3HT films were

studied by cyclic voltammetry (Fig. 2). The cyclic voltammogram

revealed broad reversible oxidation and reduction peaks. The onset

of the oxidation peak, Eox, measured at 0 V vs. ferrocene,

corresponds to an IP of 4.8 eV, in good agreement with the

spectroscopic data. The electrochemical band gap, calculated from

the onset of the reduction peak, Ered, at 21.8 V, was 1.9 eV, i.e.

Fig. 1 UV–Vis spectra of P3HS in chlorobenzene (b) and as a thin film

(d). Regioregular P3HT in chlorobenzene (a) and as a thin film (c) are

shown for comparison.

Fig. 2 Cyclic voltammetry of P3HS (solid line) and P3HT (dotted line)

coated on a graphite electrode in acetonitrile containing 0.1 M Bu4NPF6.
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0.3 eV larger than the optical band gap. This is a common feature

of conjugated polymers and may be related to structural

differences in the thin film due to swelling by the solvent, or due

to the exciton binding energy for conjugated polymers.19 In

comparison to P3HS, the P3HT oxidation waves are slightly

shifted to more positive values (HOMO = 24.9 eV), and the

LUMO is lowered significantly by 0.15 eV. The band gap of P3HT

from electrochemical data was found to be 2.2 eV, in perfect

agreement with the difference in optical band gaps (0.3 eV)

between the two polymers. Together these results suggest the

origin of the band gap reduction for P3HS is most likely due to the

stabilisation of the LUMO as predicted by the frontier molecular

orbital calculations.

An important aspect for efficient photovoltaic operation is that

the individual components of the blend have good charge carrier

properties. Thus bottom gate, bottom gold contact field effect

transistors (FETs) were prepared by spin coating. The SiO2

dielectric surface was treated with an octyltrichlorosilane solution

prior to semiconductor deposition. The measurements were

performed under a nitrogen atmosphere. The devices all showed

classical p-type behaviour, and transfer and output characteristics

are shown in Fig. 3. The devices switched on around +20 V with a

current modulation of about 106, and exhibited low hysteresis. The

saturated charge carrier mobility was typically 0.02–0.04 cm2

(Vs)21 for a 10 mm channel length, with linear mobilities in the

range of 0.01–0.02 cm2 (Vs)21. These values were similar to those

measured with P3HT devices made under similar conditions in our

laboratories,18 indicating that the inclusion of the larger, more

polarisable selenium atom does not necessarily improve charge

transport as had been previously observed in phenylene20 or

fluorene21 co-polymers containing selenophene. The similarities in

hole carrier mobilities for P3HS and P3HT can be rationalised by

the localisation of the HOMO energy level on the carbon

backbone of the polymer, rather than the heteroatoms. Since the

LUMO has a significant localisation on the heteroatom we may

expect to see differences in the electron mobilities for the polymers.

However we were not able to observe any electron transport with

these devices, possibly due to trapping at the dielectric interface22

or to difficulties injecting electrons into the LUMO from the low

workfunction gold electrodes.

In conclusion, we report the first synthesis of regioregular P3HS.

The polymer exhibits attractive properties for use in both bulk

heterojunction photovoltaic cells and FETs. The band gap is

smaller than that of P3HT, around 1.6 eV, whilst the ionization

potential is similar. In addition P3HS displays crystalline

morphology which is expected to promote the nanoscale phase

separation between the polymer and the n-type component that

ensures effective charge separation and transport.1,5 Detailed

studies of the photovoltaic properties of P3HS/PCBM will be

reported elsewhere,23 but preliminary device data demonstrate that

the cells exhibit similar Voc to P3HT/PCBM cells, but with higher

photocurrent due to the the enhanced spectral repsonse. Overall

device efficiencies are currently similar, due to a reduced fill factor

for P3HS blends.
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Fig. 3 Transfer and output characteristics of P3HS FET devices.
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