
        

End-group modification of regioregular poly(3-alkylthiophene)s
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An efficient and simple procedure for end-group modifica-
tion of poly(3-alkylthiophene)s is presented which can be
incorporated into the last step of the polymerisation reaction
or employed as a post-polymerisation modification.

Poly(3-alkylthiophene)s (P3ATs) constitute an important class
of conjugated polymers.1 Being chemically and thermally stable
materials, soluble P3ATs are attractive for exploring their
electronic and optical properties. The side chains not only
ensure solubility, but are a key parameter for the mesoscopic
structure in thin films and, hence, as a property determining
element. Perfection of the primary structure of the polymer,
including molecular weight and polydispersity, is a prerequisite
to obtain well-defined materials in a reproducible manner.
Recently, regioregular P3ATs have been incorporated as the
active material in transistors in which a preferential supramo-
lecular ordering of the polymer chains induces a high field-
effect mobility of up to 0.1 cm2 V21 s21,2,3 approaching that of
single crystal oligothiophenes.4 End-group functionalisation of
these polymers would open the possibility to graft P3ATs onto
surfaces, prepare block copolymers, or attach specific electro-
active end groups and thereby extend the range of applications
of these materials. Here we describe a simple and convenient
procedure to introduce new end groups on the P3ATs.

Various synthetic routes to obtain regioregular P3ATs have
been advanced over the last decade.5-8 The McCullough route is
most frequently employed to prepare regioregular P3ATs
(Scheme 1). Typically a 3-alkyl-2-bromothiophene is converted
to the (4-alkyl-5-bromo-2-thienyl)magnesium bromide
Grignard reagent, which is polymerised in situ using
Ni(dppp)Cl2 as catalyst.5 The work-up procedure involves
extensive Soxhlet extractions with MeOH, hexanes, CH2Cl2
and CHCl3,9 and provides fractionated polymers with a
polydispersity (PD) = 1.3–1.5 and molecular weight (Mw)
increasing from 4–5 kg mol21 for the hexanes fraction to ~ 30
kg mol21 for the CHCl3 fraction as determined by SEC analysis
in CHCl3 against polystyrene standards. Although regioregular-
ities exceeding 99% have been claimed previously for P3ATs
synthesised in this way, it has become clear that these polymers
are less perfect than presumed initially.10,11 Elemental analysis
has revealed that synthesised P3ATs (where the alkyl group is
n-butyl, n-hexyl, n-octyl or n-decyl) may contain a considerable
amount of bromine (typically 1–2 wt%).10,11†

By investigating the hexane Soxhlet fraction of poly(3-
hexylthiophene) (P3HT) with HPLC and preparative SEC in
combination with MALDI-TOF mass spectrometry, it became
clear that polymer chains terminated with 0, 1 and 2 bromines
are present (Fig. 1).10,11‡ HPLC analysis of the hexane fraction

confirms the presence of at least two series of P3HTs with
alternating signal intensities [Fig. 2(a)]. The main progression
in the HPLC trace [Fig. 2(a)] is identified as regioregular P3HT

Scheme 1

Fig. 1 MALDI-TOF of a narrow molecular weight fraction (Mw = 2.96 kg
mol21, PD = 1.05) of P3HT obtained by preparative SEC showing the
signals of chains with no, one and two bromine end groups. Note that SEC
calibrated against polystyrene standards overestimates the molecular weight
by a factor of 1.6.

Fig. 2 HPLC of P3HT hexanes fraction before (a) and after (b) introduction
of thiophene end groups. The numbers in the top graph indicate the number
of thiophene rings of P3HT oligomers carrying one bromine end group.
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containing one bromine end group. This result is corroborated
by the 1H NMR spectrum of the CHCl3 fraction of these
polymers, which typically exhibits peaks for the benzylic
resonances at d 2.80 and 2.60 in a 20+1 ratio. While the d 2.80
signal is due to benzylic protons in a regioregular head-to-tail
dyad, the signal at d 2.60  can be assigned to regioirregular
head-to-head dyads and bromine terminated thiophene end
groups.9,12 The ratio of the benzylic 1H NMR signals is a more
sensitive gauge6 to determine the regularity of the polymer than
the aromatic protons and provides values on the order of 95%
for the best materials.

Although the terminal bromines constitute a structural and
chemical imperfection, they can be utilised to modify the
polymers by introducing new end groups. We found that a post-
polymerisation reaction of the polymer with a thiophene
Grignard reagent under addition of fresh catalyst works rather
well.§ Analysis with HPLC of a sample treated in this way
showed essentially a single progression of P3HT chains [Fig.
2(b)]. To get a greater insight into the efficiency of the end-
group modification reaction, a sample of P3HT was treated with
5-trimethylsilyl-2-thienylmagnesium bromide to introduce
5-trimethylsilyl-2-thienyl end groups under addition of fresh
catalyst. MALDI-TOF analysis of short chains gives unambigu-
ous evidence of the incorporation of the (5-trimethylsilyl-
2-thienyl) end groups, with no signals for bromine-terminated
chains (Fig. 3). The MALDI-TOF spectrum shows that both a
and a,w substitution occurs. The introduction of trimethylsilyl
groups is also supported by the 1H NMR spectrum, which shows
a signal at d 0.33.

In addition to adding a Grignard reagent at the end of the
polymerisation reaction together with a fresh amount of catalyst
to introduce specific end groups, the same reaction can also be
performed on previously synthesised and isolated material.¶
This post-polymerisation reaction leaves the polymer intact, as
inferred from a comparison of the molecular weights before and
after performing the end-capping reaction.

In conclusion we have shown that via the Ni(dppp)Cl2
mediated Grignard coupling it is possible to modify the bromine
end groups that result from a McCullough type polymerization
reaction of P3ATs, either as the last step in the polymerization
or in a post-synthesis procedure on already isolated material.
The procedure can be used to introduce end groups that are
reactive to surfaces or to other functional groups. This opens the
way to use P3ATs in adhesion, block-copolymerisation,
electrooptical end groups and energy harvesting.
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Notes and references
† The bromine content was determined by Schöniger combustion.
‡ The molecular mass of the polymers was measured using a Perseptive DE
PRO Voyager MALDI-TOF spectrometer utilising a a-cyano-4-hydroxy-
cinnamic acid matrix. A solution of 1 mg ml21 P3AT in THF was mixed
with the matrix material at a molar ratio of ca. 1+10–3 (matrix+P3AT) and
crystallised on the target immediately before measurement. HPLC column
specifications: Waters, Nova-Pak C18, 60 Å, 4 mm, dimensions 3.9 3 150
mm. The HPLC runs (detected at 400 nm) were performed with an MeCN–
THF gradient of 90+10  to 20+80, 1% min21, with Supra Gradient solvents
from Biosolve.
§ In a typical procedure distilled Pri

2NH (2.8 ml, 20 mmol) was dissolved
in 70 ml of dry THF. At room temperature BuLi (10.6 ml, 1.6 M in hexane,
17 mmol) was added. After stirring for 1.5 h, the solution was cooled to 260
°C and 2-bromo-3-hexylthiophene (4.0 g, 16 mmol) was added. The mixture
was stirred for 1 h at –60 °C, and for 1 h at 240 °C. At 265  °C MgBr2·OEt2
(4.4 g, 17 mmol) was added. The mixture was allowed to warm to 0 °C
slowly. When all MgBr2·OEt2 was dissolved, 0.09 g (0.18 mmol)
Ni(dppp)Cl2 was added and the mixture was stirred at room temperature for
20 hs. Then 20 mmol of freshly prepared 2-thienylmagnesium bromide (X
= H) or 5-trimethylsilyl-2-thienylmagnesium bromide [X = Si(CH3)3] in
Et2O were added together with another portion of 0.18 mmol of
Ni(dppp)Cl2 and stirring was continued for 20 h. The reaction mixture was
precipitated in MeOH, and further purified via Soxhlet extractions using
MeOH, hexane and CH2Cl2. Isolation via Soxhlet extraction with CHCl3
gave Mw = 25.6 kg mol21 (PD = 1.42) for X = H and Mw = 14.6 kg
mol21 (PD = 1.48) for X = Si(CH3)3.
¶ To a mixture of P3HT (0.50 g, Mw = 11.0 kg mol21, PD = 1.4) in 15 ml
THF and Ni(dppp)Cl2 (0.4 g, 0.7 mmol) was added freshly prepared
2-thienyl magnesium bromide (5.9 g, 36 mmol 2-bromothiophene and 0.9 g,
37 mmol Mg) in 15 ml THF. The mixture was refluxed for 3 h. After
removal of THF the P3HT was fractionated by Soxhlet extractions with
MeOH, CH2Cl2 (0.32 g, Mw = 10.8 kg mol, PD = 1.51) and CHCl3 (0.15
g, Mw = 19.4 kg mol21, PD = 1.23), respectively. The same work-up
procedure on the original P3HT sample afforded Mw = 12.0 kg mol21 (PD
= 1.27) and Mw = 19.9 kg mol21 (PD = 1.23).
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Fig. 3 MALDI-TOF of P3HT after end-capping with 5-trimethylsilyl-
2-thienyl groups.
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