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Abstract Polyalkylthiophenes are applied in the form of thin
films as active layers in organic devices. The main properties
defined in the synthetic procedure that can affect the film
formation are the molar mass and regioregularity degree (the
content of head-to-tail, HT, linkages). These properties can be
varied, at principle, by changing the conditions of the oxida-
tive polymerization process. In this work, we evaluate the
effect of oxidant addition rate, temperature and time-
dependence of poly-(3-hexylthiophene), P3HT, oxidative po-
lymerization in molar mass and regioregularity degree, be-
sides other polymer properties such as absorption and emis-
sion of visible light. The results show that the polymer started
to grow during the oxidant addition and already presents a
relatively high molar mass (ca. 10,000 g/mol) just after the
addition stopped. Polymerization temperature is more signif-
icant in molar mass variations than the time expended for the
polymerization reaction, with values of Mw ranging from
15,000 to 70,000 g/mol in the conditions tested. The HT con-
tents were all above 70 %, with higher variations in the two
first hours of polymerization reaction and are mainly defined
during the oxidant addition, which leads to higher HTcontents
and narrower molar mass distributions using slower additions.
The solvent extraction reveals that the HT content is directly

related to the polymer chains extension, being possible to
improve both regioregularity degree and molar mass of P3HT.

Keywords Poly(3-hexylthiophene) . Oxidative
polymerization . Regioregularity .Molar mass . Conjugated
polymers

Introduction

Polythiophenes present higher thermal and chemical stabili-
ties and easiness of side-chain functionalization [1] comparing
to other conjugated polymers, allowing the preparation of sev-
eral derivatives with improved physical properties, including
electroluminescent and conductivity, for the development of
several devices, such as, organic light emitting diodes, transis-
tors, photo-voltaic cells and solid state sensors [2, 3]. The
repeating units can be linked in the main-chain in three ways:
head-to-tail (HT), tail-to-tail (TT) or head-to-head (HH) lead-
ing to different properties. High content of HT linkages, which
are more regioregular, present high crystallinity and conduc-
tivity [4]. Despite several new conjugated polymers are being
applied for applications on photovoltaics devices [5] or on
field-effect transistors [6] with claimed better performance
and efficiency, polythiophene derivatives, especially, the
poly-(3-hexylthiophene) (P3HT) is still a standard in this field
and probably, one of the most studied conjugated polymer.
Moreover, technological studies for mass production of organ-
ic devices are usually done with P3HT [7–9]. The main
polythiophenes applications are as active layers in devices
and sensors, usually as thin film, therefore the quality and
the morphology of the polythiophene films influence the ap-
plication performance [10–13]. Factors such as molar mass
and the degree of HT linkages are important issues on polymer
film formation and for defining their morphology. Besides, for
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optical sensor applications, e.g. for volatile organic com-
pounds, the regioregularity affects the response, more
regioregular being less sensitive [14].

There are several synthetic routes to obtain polythiophene
derivatives, which were covered on two recent reviews. Metal
assisted coupling reactions, include the organometallic routes
yield highly regioregular polymers [2, 15, 16], however, the
reactants used are moisture sensitive, have several steps being
time consuming, and expensive. McCullough and Rieke
methods along with Grignard methathesis (GRIM) are the
most studied methods, being Rieke the most used in commer-
cial small scales [2, 17–19].McCullough and GRIM are based
on the polymerization of Grignard-2-halothiophene mono-
mers using diphenylphosphino propane-nickel complex as
catalyst [20]. Rieke introduced the highly reactive metal pow-
ders for preparation of Grignard compounds [21] and the use
of Rieke Zinc and 2,5-dihalothiophenes in cryogenic condi-
tions with nickel complex catalyst to prepare highly
regioregular poly(alkylthiophenes) [18]. Another method for
preparing regioregular polythiophenes is the Stille-protocol,
based on polymerizat ion react ion of dihalo and
bis(trialkylstannyl)-funcionalized monomers using palladium
complexes as catalysts. Although high regioregularity and
molecular weight with good yields can be achieved, some
drawbacks due to the formation of amounts of toxic species
and possible instability of organometallic reagents are also
present [22]. The Suzuki polymerization typically involves
the use of dihalo and bis(organoboron)-funcionalized mono-
mers [23] in a laborious protocol multiphase reaction which
may present higher difficulty to control, but is largely used for
preparation of copolymers, terpolymer and higher combina-
tions of different monomers such as benzothiazoles,
bothiophenes and fluorenes [23]. In recent years, the direct
(hetero)arylation polycondensation was applied as alternative
methodology for regioregular P3HT polymerization using 2-
halo-thiophenes and heterogeneous palladium catalysts that is
proceeded in fewer reaction steps and generate reduced waste
[19]. It achieves high molecular weight with low polydisper-
sity and regioregularity up to 98 % but the regioregularity is
only achieved with rings having preferential CH reactive po-
sitions [24], needing high temperatures (i.e. 120 °C) and long
reaction times (over two days). This method is still under
intense research focused on optimization and broadening of
its application for the preparation several different polymers
and still have some drawbacks for large scale production [25].

The oxidative polymerization with ferric chloride, on the
other hand, is a one-pot, cheap and easy process to obtain
polythiophenes in large scales [19, 26–28], since do not re-
quires leaving groups or removal of byproducts [19]. It was
first suggested by Sugimoto et al. in 1986 [28], the use of
monomer and ferric chloride at a 1:4 mol proportion in chlo-
roform for polythiophene production. The method was further
explored by several researchers for production of

polythiophenes with different functional groups on the side
chains such as alkoxy, hydroxy, azo etc. and their random
copolymers [29–32]. The knowledge of how some conditions
affects the oxidative polymerization process and the final
polymer properties, can turn this simple procedure more use-
ful for tuning the polymer properties. The synthetic procedure
defines the molar mass and regioregularity of the polymers
and in oxidative polymerization these properties can, in prin-
ciple, be modulated by the experimental conditions used. For
example, polymerizations at low temperatures and slow addi-
tion of oxidant lead to poly(3-octylthiophene) with
regioregularities up to 80 % and relatively low molar mass
polydispersity [33]; while reactions at room temperature and
quick addi t ion of sol id oxidant lead to poly(3-
alkyllthiophene)s with regioregularities around 65 % and
broad molar mass distributions [34]. The use of low tempera-
tures (−45 °C) in conjunction with low concentrations and
long reaction times (72 h) led to polymers with 91 %
regioregularity with high molecular weight and good yields
[27], but the long time at too low temperature turn hard the
application of the method for large scale production.
Andersson et al. [26] showed that the use of a voluminous
group on the side-chain of the thiophene monomer and a slow
addition of the oxidant could lead to highly regioregular poly-
mer but the contribution of the steric hindrance produced by
the side-chain and the rate of oxidant addition to the
regioregularity could not be separated.

The aim of this paper is to establish whether simple varia-
tions applied to the poly(3-hexylthiophene) oxidative poly-
merization method can lead to different molar masses and
regioregularities and elucidate the influence of the reaction
parameters on them. Aiming at possible large-scale produc-
tion, relatively short reaction times and moderated low tem-
peratures were explored along with different oxidant addition
rates. The modulation of molar mass and regioregularity is
fundamental to the development of new applications that uses
polythiophenes as the active layer, such as optical sensors.

Materials

3-Hexylthiophene, poly-(3-hexylthiophene) regiorandom (ca.
50 % HT) and regioregular (ca. 98 % HT) and anhydrous
ferric chloride were purchased from Aldrich and used without
further purification. Chloroform and nitromethane (J. T.
Baker) were dried over molecular sieve 4 Å.

Synthesis

The oxidative polymerizations were performed under nitrogen
flow in a jacket glass reactor with a five-necked lid coupled to
an addition funnel, a septum for sample removal, a thermome-
ter and inlet/outlet needles for dry nitrogen flow. A circulating
thermostatic bath of water/ethylene glycol kept the temperature
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constant. Anhydrous ferric chloride (12 mmol) dissolved in dry
nitromethane (6 mL) was added dropwise onto 3 mmol of
monomer dissolved in 35 mL of dry chloroform under stirring.
The samples were precipitated in ethanol, filtered, washed suc-
cessively with ethanol, water, 1 M ammonium hydroxide, wa-
ter (until neutral pH) and ethanol and the black powders dried in
a vacuum oven at 40 °C for at least 12 h. All samples were
completely soluble in common organic solvents such as chlo-
roform, tetrahydrofuran (THF) and dichlorobenzene.

Effects of polymerization time After the addition time of the
oxidant of 7 min, samples of ca. 2 mL were collected through
the septum at one-hour intervals until the reaction completes
six hours, counting the zero-time sample immediately after the
oxidant addition stopped.

Effect of oxidant addition time The oxidant solution was
added to the reactor, either through the addition funnel or
through using a peristaltic pump, during 7, 17 and, 180 min
(ca. 1.7; 0.7 and 0.07 mmol/min).

Effect of reaction temperature The circulating bath was set
about 5 degrees lower than the reactor temperature, which
were +10, 0, −10 and −20 °C. Reactions made at higher tem-
peratures yielded insoluble fractions and therefore were not
analyzed.

Soxhlet extraction

After completely dried, the P3HT was submitted to a soxhlet
extraction with n-hexane and acetone. The process stopped
when the solvent at the extraction chamber appears colorless.
The insoluble powder fraction was dried as before and the
soluble fraction was recovered by removing the solvent with
a rotary evaporator and then dried in a vacuum in the same
conditions.

Structural characterization

Molar Mass Distributions (MMD) were determined by High
Performance Size Exclusion Chromatography (HPSEC) in an
Agilent 1100 chromatography system with a refractive index
detector, using 4 Styragel columns (500, 103, 104 and 105 Å),
polystyrene standards and THF as solvent at 1 ml/min and
35 °C. 1H NMR spectra were recorded in a Bruker 400 MHz
with CDCl3 as solvent and TMS as reference. The absorption
and emission spectra of polymer solutions in chloroform
(0.05 mg/mL) were measured in a spectrophotometer
(HITACHI U-2900) and in a spectrofluorophotometer
(SHIMADZU RF-5301PC) respectively. The excitation wave-
length was 430 nm and excitation and emission slits, 3 nm. The
Fourier Transform Infrared spectra were recorded from films,

cast from CHCl3 solutions on NaCl windows, in a FTIR spec-
trometer (Nicolet Nexus 470 FT-IR) in transmission mode.

Results and discussions

Since the volume or the mass extracted from the reactor could
not be controlled with accuracy, due to the volatility of the
solvents and monomer, the quantification of non-reacted
monomer and the polymer yields were not performed for re-
actions with aliquots taken. For the other samples, the yield
were around 72–76 %. All samples of P3HT obtained were
completely soluble in chloroform, toluene, xylenes, 1,2-di-
chlorobenzene and THF even in concentrations up to
20 mg mL−1. Both polymerization time and temperature in-
fluenced on the time spent for dissolving the samples: samples
prepared with higher polymerization times and temperatures
required several minutes to solubilize completely while those
prepared at lower temperatures are readily dissolved.

TheMMDprofiles of all samples can be found in Fig. S1 in
Supporting Information. The sample taken just after the addi-
tion of oxidant stopped (0 h) comprises polymer chains of
significant size at all reaction temperatures, which means the
polymerization already occurs during the oxidant addition
[31, 33]. Moreover, the MMD peak increases exponentially
with the temperature for the 0 h samples (Fig. S2), indicating
that the temperature during the oxidant addition is an impor-
tant factor for the chain growing.

In all cases, after the first hour of reaction, the MMD peaks
shift just slightly towards higher values, being all in the range
of 15,000–35,000 g/mol, but the trends with temperatures are
not as clear as for sample zero. However, the MMD widths
increase with the reaction time, more significantly at lower
temperatures, resulting in different average molar masses as
showed in Fig. 1. Thus, the temperature is more critical in the
oxidant addition step and in the first hour of reaction than in
the rest of the polymerization process for modulating the
molar mass (Fig. 1a, b).

The molar mass average by weight, Mw, has more in-
fluence of the polymer chains with higher molar mass. In
our case (Fig. 1a), the evolution of Mw with the polymer-
ization time is crescent in all temperatures studied, al-
though more accentuated at 10 °C. In contrast, the values
of molar mass average by number, Mn, which has more
influence of the polymer chains with lower molar mass,
grows with the polymerization time just slightly in all tem-
peratures, being practically constant after 1–2 h of reaction
(Fig. 1b). This difference in the evolution of Mw and Mw
values reflects on the polydispersities indexes exhibited on
Fig. 1c, in which larger values of polydispersities are
shown for samples obtained at the higher temperature.
All the Mn, Mw and PDI values could be followed through
the Tables S1-S4 in Supporting Information.
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The growth of the polymer chain upon changes in the rate
of oxidant addition was explored at 0 °C and three hours of
reaction. The comparison of MMD profile of these syntheses
is shown in the Fig. 2a. Worth of note is the profile of the
sample from the synthesis with 180 min of oxidant addition,
which shows a significant shift of the MMD peak to higher
values of molar mass and a narrowing of the distribution pro-
file. It seems that the amount of oxidized species in the system,
produced during the oxidant addition, has a pronounced influ-
ence on the size and polydispersity of the chains.

Since the higher molar masses were achieved at 10 °C and
longer oxidant addition times, another polymerization in
Boptimized^ conditions was carried out at 10 °C and the oxi-
dation addition of 360 min. The reaction was stopped just after

the oxidation addition stopped. The MMD, compared to a
sample obtained in similar condition with the quicker oxidant
addition is shown in Fig. 2b.

For 360 min of oxidant addition at 10 °C (PDI 3.39, Mw
295,700 and Mn 87,300) the MMD profile reveals practically
no chains with molecular weight below 104 g mol−1 (Fig. 2b).
At this point, we can consider a predominant influence of faster
oxidant addition rate and higher polymerization temperatures on
increasing the polydispersity index, whereas an expressive in-
crease on chain length is produced by slow oxidant addition.

FTIR spectra of the polymers were recorded, in the form of
thin films, to probe if changes on the functional groups are
introduced in the polymer chain according to the reaction
conditions. The great similarity of all spectra indicates that
significant changes did not take place. All these features can
be followed through the Fig. S3 in Supporting Information. In
brief, the absence of a band in the region from 750 to 780 cm−1

characteristic of the C-Hα deformation out-of-plane in
monosubstituted thiophene rings indicated that there is no
residual monomer in the samples that could be determined
by FTIR [35]. The symmetric deformation of methyl groups
appears at 1380 cm−1 and the C = C stretching band of thio-
phene rings at 1510 and 1560 cm−1, methyl and methylene
symmetric and asymmetric stretching bands appear at 2850,
2870, 2920 and 2950 cm−1. The absorption associated to the
aromatic C-H stretching can be seen at around 3050 cm−1. The
methyl asymmetric deformation band appears at 1456 cm−1

overlapped by the methylene scissor vibration at around
1465 cm−1. Aiming at access information on the
regioregularity of the samples by FTIR measurements, the
spectra of commercial P3HT regioregular (ca. 98 % HT) and
regiorandom (ca. 50 % HT) were recorded. Worth of note are
the variations of the C = C stretching wavenumber (1510 for
the regioregular and 1515 cm−1 for the regiorandom), of the
CH deformation (820 cm−1 for the regioregular and 828 cm−1

for the regiorandom) and the relative intensity of 1456 cm−1

and 1465 cm−1 bands, that can be a qualitative indicative of
the regioregularity. There are other small differences between
the regioregular and the regiorandom polymers spectra, main-
ly in the fingerprint region that are difficult to attribute but can
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also be related to residual doping [36]. The FTIR spectra of all
P3HT samples obtained in this work resembles more that of
the regioregular polymer than the regiorandom one with clear
trends on the relative intensity 1456 cm−1 and 1465 cm−1

bands, but this analysis could be used only for qualitative
assessments on the regioregularity. Attempts on quantitative
determination by FTIR on films resulted in poor correlations
with both relative areas and peak heights, probably due to lack
of homogeneity on the sample thicknesses.

For a quantitative determination of the regioregularity de-
grees [37], 1H NMR spectra were recorded for all samples in
CDCl3 solutions The representative

1H NMR spectra can be
found the Fig. S4 in Supporting Information. A single peak at
around 6.9 ppm is attributed to the aromatic proton at position
4 of the thiophene ring. The peaks appearing between 0.5 and
2 ppm are attributed to the methyl and four of the methylene
groups of the side-chain. The signal of methylene linked to
thiophene ring is affected by the regioregularity of the poly-
mer. The methylene signal of the dyad HTappear at 2.79 ppm
and the methylene of the HH or TT dyad at 2.56 ppm.
Therefore, the regioregularity degree was calculated by the
ratio of these two peaks area. Figure 3a shows that
regioregularity degrees for all samples are above 69 % and it
increases slightly with the reaction time, the more substantial
increase occurs in the initial 2 h of polymerization. However,

there is no clear trend of the regioregularity degree with the
reaction temperature, in the range studied here. Therefore, the
regioregularity seem to be induced during the addition of the
oxidant and the reaction temperature is not the main factor in
the regioregularity definition.

The influence of the polymerization time and temperature,
for a fixed oxidant addition time, on the absorption and emission
properties of chloroform solutions of P3HT can be analyzed
from Fig. 3b, c. The wavelength of maximum emission for all
samples falls in the range of 570–572 mmwhile the wavelength
of maximum absorption (λmax) varied from 427 to 440 nm
(Fig. 3b), therefore different Stokes’ shift were obtained
(Fig. 3c). The λmax values increased in the first 1–2 h of poly-
merization then remain almost constant for all temperatures.

The dependence of the λmax with the regioregularity degree
was evaluated and is shown on Fig. 4. A linear tendency of the
λmax on the regioregularity is visible, although with some
fluctuations. This is because even small differences in the
doping level can lead to changes in the λmax that are difficult
to detect by the other techniques used.With the slower oxidant
addition, the range of λmax is higher those obtained with faster
of oxidant addition (e.g. 434–440 for 17 min and 430–435 for
7 min) at the same reaction temperature. The amount of oxi-
dized species produced through a slight slow addition of ox-
idant at the initial polymerization steps can directly influence
the polymer structure. All characterization results can be
followed through the Tables S1-S5 in Supporting Information.

Solvent extraction

The low solubility of P3HT in solvents such as n-hexane and
acetone allow the extraction of low molecular weight com-
pounds and thus the evaluation the contribution of soluble
and insoluble fractions in these solvents to the polymer
regioregularity [27]. The extraction was performed using a
soxhlet to separate the smaller fractions from the larger chains.
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Three synthesized samples with different MMD, polydisper-
sity index and regioregularity degree was chosen and the re-
sults are shown in Table 1. In all cases, the regioregularity
degree of the pristine samples slight increases in the insoluble
fraction and showed a significant decrease in the soluble frac-
tion, due the extraction process. The lower the regioregularity
degree of the soluble fraction, the greater is the difference
between the pristine and insoluble fraction. The pristine sam-
ple carried with 360 min of oxidant addition was almost
completely insoluble in acetone. In this case, the fraction least
regioregular was extracted in the first extraction step with n-

hexane, confirmed by the second extraction with acetone lead
to approximately the same degree of regioregularity. No sig-
nificant differences in extraction efficiency were observed be-
tween these two solvents.

The results showed in Fig. 5 suggest a possible direct cor-
relation between the MMD and regioregularity. As highlight-
ed in each frame (Fig. 5b, d), P3HT chains preferably smaller
than 104 g mol−1 were extracted by the solvents used. The
similarity of both insoluble fractions distributions shown on
Fig. 5b is a result of the extent of the first extraction with n-
hexane, which extracted almost all the soluble fraction. It is

Table 1 Solvent extraction data

Oxidant addition Polymerization time Reaction temperature

Solvent Sample content HT (%) Mn (g mol-1) Mw (g mol-1) PDI λmax (nm) Stokes’ shift (nm)

17 min 6 h 0 °C

Acetone Initial 75.8 12,400 62,400 5.01 438 136

Insoluble 79.5 22,600 61,000 2.70 441 133

Soluble 42.8 1400 2500 1.74 - -

180 min 3 h 0 °C

n-hexane Initial 77.6 45,700 88,700 1.94 442 131

Insoluble 80.9 55,000 118,600 2.16 445 129

Soluble 67.2 5100 7500 1.45 - -

360 min 6 h 10 °C

n-hexane Initial 80.1 87,300 295,700 3.39 442 132

Insoluble 80.5 68,700 281,000 4.63 443 131

Soluble 71.2 7000 13,600 1.94 - -

Acetone Insoluble 80.6 68,700 318,200 4.09 442 131
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observed that acetone has poor solubility power compared to
n-hexane and could extract chains with size preferably below
5.103 g mol−1 (Fig. 5d), which also showed the lowest
regioregularity degree, 42,8 % (Fig. 5c).

Conclusions

In the oxidative polymerization of the 3-hexylthiophene, our
results showed that the polymer is formed during the addition
of oxidation, and as soon the addition stopped, molar masses
around 10,000 g/mol as denoted by the peak of the molar mass
distributions are obtained. The regioregularity degree increase
with the polymerization time, ca 6 % in 6 h, but it is deter-
mined mainly during the oxidant addition. The temperature of
polymerization takes an important role in the chain growth,
with lower molar masses and smaller polydispersities obtain-
ed at lower temperatures. Therefore, the rate or mode of oxi-
dant addition, with the proper choice of reaction temperature,
seems to be the crucial step in this kind of polymerization
process to obtain products with the desired molar mass and
regioregularity degree and, probably, a longer oxidant addi-
tion than tried here can lead to further increase on the
regioregularity degree. It was possible to improve the
regioregularity by extracting the low molecular weight frac-
tion, n-hexane being effective to extract chains less than
104 g mol−1, and acetone preferably up to 5.103 g mol−1,
showing that shorter chains are associated with lesser
regioregularity. Taking into account the easiness of the proce-
dure and the facile high scale production provided by the
method, besides the possibility of improve the regioregularity
a little further, the use of these polymer in electrical-optical
devices such as optical sensor is promising, since the high
crystallinity provided by the almost 100%HT content in high-
ly regioregular polymers can be prejudicial to the response of
this kind of sensor.
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