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a b s t r a c t

The magnetic properties of pressed pellets of ClO�
4 partially doped poly(3-hexylthiophene) have been

investigated in the range from 5 to 300 K and a ferromagnetic phase was observed at room temperature.
This behavior was associated to polaron interaction because the saturation magnetization, remanent
magnetization, and coercive field, change with the reversible potential that modulates the doping level
of the samples. This effect is a consequence of the Nernst potential describes the ratio among reduced
sites, polarons and bipolarons in the sample. The results also show that the ferromagnetic phase
vanishes when the samples undergo a thermal annealing or are stored under atmospheric conditions for
a long period of time. The absence of contaminants such as Co, Fe and Ni was determined using
inductively coupled plasma tandem mass spectrometry with ppb resolution. These results support that
the ferromagnetic behavior observed in samples is intrinsic.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The discovery of conducting polymers in the 1970s was one of
the greatest revolutions in material science once it led to a new
generation of electronic and optical devices [1–5]. One important
property of these materials is the possibility of controlling the
doping level, and as a consequence the electric conductivity. These
systems are low dimensional compounds with linear π-conjugated
bonds, and subjected to Peierls distortion [6]. Consequently,
electron–phonon interaction and electron–electron correlation
could result in the localization of π-electron along the conjugated
backbone, and, in the case of nondegenerate ground state, leading
to the formation of charged 7(e) spin polarons. The interaction
between two polarons, under certain conditions, results in bipo-
larons with charge 7(2e) and spin 0. Due to a large interest on
these characteristics, many works have investigated the magnetic
behavior of such polymers [7–21]. Unlike conventional magnetic
materials, which always involve spins of either d or f electrons, in

π-conjugated polymers p-electrons play an essential role in this
property [9]. It arises from the intrinsic spin of unpaired electrons,
which are introduced in the polymers through chemical or
electrochemical oxidation (or reduction). Then, the mutual mag-
netic interaction between spins, either intrachain and/or inter-
chain, could result in a ferromagnetic or antiferromagnetic
phases [15].

Over the last few years, our group has systematically investi-
gated the magnetic properties of conducting polymers, in parti-
cular in pellets of partially ClO�

4 doped poly(3-methylthiophene).
Since the first observation in 2001 [11], we have studied different
variables that influence the material magnetic properties present
in different portions one of each is ferromagnetism at room
temperature [13–17]. Recently, Vandeleene et al. [18,19] have also
reported ferromagnetic phase in poly(3-alkylthiophene) in its
neutral state and the influence of the substituent (alkyl, alkoxy,
thioalkyl), and the regioregularity on the magnetic properties. The
researchers observed the appearance of ferromagnetic phase at
low temperature and superparamagnetic one at room tempera-
ture. In the case of our previous results, we have observed that the
ferromagnetism depends substantially on the oxidation state and
the applied pressure used to prepare the pellet [12,13].

In this work we present a systematic investigation of ferro-
magnetic phase in samples of pressed pellets of poly(3-hexylthio-
phene) partially doped with ClO�

4 in the temperature range from
5 to 300 K and discuss the origin of such behavior. The intrinsic
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feature of this magnetic phase is found by studying the thermal
and temporal stability of the samples as well as elemental analysis.
Our results show that the magnetic behavior of samples is
intrinsic.

2. Experimental details

The samples of poly(3-hexylthiophene) (P3HT) were electro-
chemically synthesized at 298 K using a constant potential of
1.60 V (referred to a quasi-reference silver electrode) and 0.2 M
3-hexylthiophene in acetonitrile. As supporting electrolyte, 0.1 M
LiClO4 was used. Previous works [14,17] have shown that the
addition of a small amount of water to acetonitrile enhances the
magnetic properties and leads to reproducible data. Therefore, an
optimized amount of water, 0:2� 10�3 M, was added to the
solution. The synthesis was performed in a dry box filled with
argon, to inhibit the contamination of the solution by moisture,
and polymerization was performed using a total charge of 40 C.
After the synthesis, the open circuit potential (in this case, a
revisible one) of the polymer ðEocÞ was of 1.08 V, which is
characteristic of a sample in its oxidized state. The solution was
changed twice in order to remove the soluble oligomers; after-
wards, the samples were partially reduced, using small potential
steps, in an acetonitrile solution with 0.1 M LiClO4 until different
values of Eoc were reached. This procedure is necessary since at
high doping levels, polarons are unstable with respect to the
pairing of their spin which leads to the formation of double
charged spinless bipolarons. After the electrochemical reduction,
the samples were removed from the Pt electrode using a glass
spatula and were enclosed in a silicone die and isostatically
pressed using 570 bar. This protocol for sample synthesis was
established in a previous paper [12].

Different samples were prepared using the same procedure but
changing the storage process before the magnetic characterization.
In order to investigate the intrinsic nature of the magnetic
behavior, Sample A was reduced to Eoc ¼ 0:80 V and stored in air.
For the same purpose, Sample B, prepared under the same
conditions, was encapsulated in a quartz tube, evacuated and
sealed. Before magnetic characterization, Sample B was placed in
an oven at 400 K for 12 h. In order to study the thermal and
external field effect on the magnetic properties, Sample C was also
reduced until Eoc ¼ 0:80 V and was stored under vacuum and
protected from the light. To investigate the mechanism of the
magnetic behavior, a set of samples reduced to different values of
Eoc were studied.

To investigate the possibility of ferromagnetic contamination of
the samples, a sample mass 10 mg was accurately weighed and
digested with ultrapure nitric acid prepared using a sub-boiling
apparatus (DuoPur, Milestone, Sorisole, Italy) and hydrogen per-
oxide. Digestion was carried out in a PFA closed vessel in a cavity
microwave oven (Ethos model 1600, Milestone). All strategies were
performed for avoiding contaminations and all vessels were decon-
taminated using nitric acid solution. A microwave-assisted heating
program was performed with the reagents but without adding any
sample just for cleaning the digestion vessels. Determinations of Co,
Fe, and Ni were done using an inductively coupled plasma tandem
mass spectrometer (ICP-MS/MS, Agilent 8800, Tokyo, Japan). The
ICP-MS/MS was operated in MS/MS mass shifting mode to solve any
spectral interferences and elements were determined using respec-
tive mass/charge ratios for their oxides formed in the octopole
reaction system. Limits of detection for all three analytes were in
sub-ppb range and all determined concentrations were below these
values. Considering mass and volume ratios for sample digestion,
final concentrations of Co, Fe, and Ni in the sample were lower than
0.010, 4.3, and 0:30 μg=g, respectively. Considering the detection

limit described in the previous line, it is important to stress out that
no contamination was detected for any of the above elements.

Magnetization measurements were performed as a function of
applied magnetic field at 5 K and 300 K (M�H) using a Quantum
Design SQUID magnetometer model MPMS-5S. Magnetization as a
function of temperature measurements followed three different
procedures: (i) the samples were cooled at zero field until 5 K,
then the field is applied and the data were collected during the
sample heat from 5 to 300 K. This procedure is called zero field
cooling (ZFC). (ii) The data were measured during cooling (field
cooling, FC) from 300 to 5 K. (iii) Spontaneous magnetization was
measured after cooling down the sample without any applied
magnetic field from 300 K to 5 K. After stabilizing temperature, the
sample was submitted to a magnetic field of 50 kOe for 10 min and
then removed. The magnetic moment was measured by increasing
the temperature at constant rate (2 K/min) up to 300 K. In all
samples, the diamagnetic contribution was observed as a linear
behavior at high magnetic fields at 300 K and subtracted of the
data by a linear fitting.

3. Results and discussion

First of all, it is important to eliminate the possibility that the
ferromagnetic properties here observed are related with ferro-
magnetic contamination. This point has also been discussed in
previous papers where atomic absorption spectroscopy in graphite
furnace was used and no metallic contamination was detected in
the samples [14,15]. In the present case, we carried out new
inductively coupled plasma tandem mass spectrometer measure-
ments, and, as described in the experimental section, no contam-
ination of Fe, Co or Ni was detected, considering the detection
limit of the measurements which were 4.3, 0.010, and 0:30 μg=g,
respectively. Besides we proposed here a new set of magnetic
experiments to assure the intrinsic magnetic behavior of the
samples. In Fig. 1, the magnetization (M) as a function of applied
magnetic field (H) for Sample A at 300 K is presented just after
synthesis (circle), 30 (triangle) and 70 days (square) later. From
Fig. 1 it is easy to observe that besides the decrease in the
saturation magnetization (MS), the coercive field (HC) and rema-
nent magnetization (MR) disappear for the sample store for 70
days. Besides, the diamagnetic contribution remains constant,
which is an indication that this part of the signal is related to
the polymeric backbone itself. One explanation for this result is
that aging time could partially reduce the material once the redox
potential of the polymer is higher than the water/oxygen redox
pair [22–24]. This is an evidence of two important points: (i) the

Fig. 1. Magnetization as a function of the magnetic field at 300 K; taken just after
synthesis (circle) and the same sample measured 30 (triangle) and 70 days (square)
later. Inset shows details of magnetization at low field.
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magnetic properties are intrinsic and (ii) this behavior is related to
the doping level of the polymer.

To support the intrinsic nature of the ferromagnetic phase, the
magnetization measurements as a function of applied magnetic
field in Sample B were performed in two different conditions: just
after synthesis and after annealing at 400 K for 12 h. Fig. 2 shows
that MS decreases and MR and Hc vanish due to the annealing. The
annealing of the samples led to chain bond degradation and, as a
consequence, the electronic defects were also destroyed [20,24].
Furthermore, the temperature of 400 K is very low to promote any
phase transformation in the majority of possible contaminants
such as metal compound particles of Fe, Ni or Co. If any con-
taminant was responsible for the magnetic moments measured in
the sample, their trace must continue to be observed.

The results presented in Figs. 1 and 2 support the fact that
aging and annealing influence only the charged defect of the
polymers, i.e., the polarons and/or bipolarons. In both situations,
annealing and aging, the amount of defects is decreased and then
the magnetic moments decrease too.

Then, we start to investigate the relationship of the doping
level of the polymer and its magnetic properties. Fig. 3 presentsMS

and MR as a function of the reversible potential (Eoc) performed at
300 K and 5 K, i.e., we are looking for a correlation of the magnetic
moments in the sample with the amount of polarons or bipolar-
ons. It is well described in the literature that in the reduced state,
i.e., for low Eoc values, the sample has a small density of charge
carriers (polarons). In this case, from Fig. 3, it is also observed that
MS and MR also present small values. When the polymer is in an
intermediate oxidized state, MS and MR exhibit maximum value at
0.82 V. For higher open circuit potentials, MS and MR decrease
again and vanish at 1.08 V. One explanation for such decrease is
that, as Eoc increases, the polarons recombine into spinless
bipolarons, and, as a consequence, there is not any unpaired spin
interaction.

In previous works it was stated that the nature of ferromag-
netic phase in partially doped conducting polymers is associated
with the interaction between polarons [14,15]. It is important to
stress that, as demonstrated here, it was possible to control
polarons concentration by partially electrochemically reducing
the samples using small potential steps, as described in the
experimental section. For conducting polymers, the open circuit
potential is a reversible one that follows Nernst equation and
which is related to the ratio of the amount of oxidized and reduced
sites. If a redox reaction follows Nernst equation, it means that it is
a reversible one, i.e., the anodic and cathodic reactions are the
same. Therefore, for conducting polymers, it means that Eoc values

are a ratio between the oxidized (Oxsite) and reduced (Resite) sites.
On condition of the samples synthesis, there are three different
species, which react in the following equation:

Resite2Psite2Bsite ð1Þ
where Psite and Bsite are polarons and bipolarons, respectively. Resite
can be reversibly converted into polarons, as well as polarons can
be reversibly converted into bipolarons. Therefore, for the sample
with smallest Eoc shown in Fig. 3 there is only a small density of
polarons. This is an indication that the sample was not in the most
reduced state, what is reasonable since the samples are prepared
in the oxidized state and step-by-step partially reduced to differ-
ent Eoc values. Once the samples have a high electronic resistance
as the reduction process is near from the most reduced state, there
are capacitive current and shrinkage of the polymer chains that
made very hard to obtain a complete reduced electronic defect-
free sample.

When the Eoc value increases, it is observed that MS andMR rise
until a maximum value at Eoc¼0.82 V. In this condition there is the
conversion of Resite into polaron defects. In fact, there is a
competition between different processes: if the distance between
two polarons is high enough there is no magnetic coupling
between the polarons; as a consequence, the magnetic response
when applying a magnetic field is a paramagnetic behavior. If the
polaron population is very high, they are converted into bipolar-
ons, and as a result, MS andMR decrease, as shown in Fig. 3. On the
other hand, when the polaron population increases, the average
distance decreases and the emergence of ferromagnetic interac-
tions is observed. Then, an explanation for the ferromagnetic
interaction of the polarons could be related to polaron interaction
at different chains of the polymer which cannot be converted to
bipolarons. This proposition is schematically represented in Fig. 4.
Besides, it is important to highlight, in Fig. 3, that both curves,
saturation and remanent magnetization ones, presented an asym-
metric behavior for the slope of increase and decrease. This
characteristic is also expected because the process of creation of
polarons from Resite and their destruction to form bipolarons are
different.

For better understanding of magnetic behavior due to polarons,
the analysis of the magnetization as a function of applied magnetic
field (M�H) at 5 K and 300 K shows the characteristics of
interaction between two polarons. In Fig. 5 we present M�H
measurement at 300 K (circle) and at 5 K (triangle) for Sample C.
In this sample, the curve at 300 K exhibits the saturation magne-
tization (8:6� 10�3 emu g�1) at 5 kOe. In the inset, it is possible
to identify a remanent magnetization of 0:45� 10�3 emu g�1 and
the coercive field of 40 Oe. The experiment performed at 5 K
(triangle), with the same sample, shows that the ferromagnetic
behavior is superimposed to a paramagnetic contribution. In the
inset, it is observed that the MR ¼ 0:94� 10�3 emu g�1 and a
coercive field of 80 Oe. It is important to emphasize that, at this
temperature, considering the maximum applied magnetic field
used, the curve does not exhibit a significant diamagnetic con-
tribution, which is reasonable because this contribution is negli-
gible compared to the paramagnetic and ferromagnetic ones.

The curves shown in Fig. 5, from a point of view of magnetic
behavior, lead to the conclusion that the sample presents a
polymorphic behavior, with different magnetic portions. This
hypothesis arises from the fact that the paramagnetic contribution
is more important at low temperature compared to the ferromag-
netic one. Because there is only one magnetic phase, a transition
from the ferromagnetic to the paramagnetic is expected as the
temperature is increased, and the reversed behavior is observed in
Fig. 5. One explanation for the strong paramagnetic contribution is
associated to non-interacting polarons as proposed elsewhere [15].
In order to estimate the paramagnetic contribution, at 5 K,

Fig. 2. Magnetization as a function of the applied magnetic field at 300 K; taken
just after synthesis (circle) and after annealing at 400 K for 12 h (triangle). Inset
shows an amplification of the portion central of the curve.

F.R. de Paula et al. / Journal of Magnetism and Magnetic Materials 370 (2014) 110–115112



the Brillouin function is used as follows:

M¼NgμBJBJðαHÞ ð2Þ

where α¼ μB=kBT , H is the magnetic field, μB the Bohr magneton,
kB the Boltzmann constant, g the gyromagnetic constant of
electron and BJ the Brillouin function given by

BJðαHÞ ¼
1
J

Jþ1
2

� �
coth Jþ1

2

� �
αH�1

2
coth

αH
2

� �� �
ð3Þ

If we consider that magnetic moments are associated with
polarons with spin 1/2 (J¼1/2) and g� 2, then Eq. (2) can be
simplified as

MðHÞ ¼M0 tanhðαHÞ ð4Þ

with

M0 ¼NμB ð5Þ
where M0 is the paramagnetic saturation magnetization. A new
parameter, M1, was introduced in the equation to describe the
magnetization saturation of the ferromagnetic portion. The final
equation obtained is given by

MðHÞ ¼M1þM0tanhðαHÞ ð6Þ
From Fig. 5, fitting Eq. (6) to the curve measured at 5 K, the

calculated parameters are M0 ¼ 160:0� 10�3 emu g�1, M1 ¼ 8:6�
10�3 emu g�1. As expected, M1 values match the maximum
values presented in Fig. 3b. For those partially reduced samples,
the bipolarons concentration decreases, leading to the formation
of polarons. Therefore, depending on the concentration of

Fig. 3. Saturation (MS) and remanent (MR) magnetization as a function reduction potential (Eoc). (a) and (c) at 300 K and (b) and (d) at 5 K.

Fig. 4. Schematic representation of interchain polaron–polaron interaction.

Fig. 5. Curve magnetization as a function of magnetic field at 5 K (triangle) and
300 K (circle) without the diamagnetic contribution. In curve at 5 K the solid line
represents the fitting with expressionMðHÞ ¼M1þM0 tanhðαHÞ for H45 kOe. Inset
shows details of ferromagnetic hysteresis at 5 K and 300 K.
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polarons, they can interact with polarons at different chains
forming ferromagnetic regions, while others that interact weakly
in the same chain could be responsible for the paramagnetic
contribution of the sample.

The paramagnetic behavior shown in Fig. 5 at 5 K is more
evident in Fig. 6 that presents the magnetization as a function of
the temperature for sample C at 1 kOe, using ZFC/FC protocol. The
magnetization decreases when the temperature increases, though
there are different behaviors. First, at low temperature, the sample
shows the typical paramagnetic behavior whereas after 150 K, its
decrease resembles a ferromagnetic one, supporting the poly-
morphic behavior of the samples. Further evidence is the differ-
ence between curves ZFC / FC, as for temperatures below 150 K
show a thermomagnetic hysteresis

Finally, the intrinsic ferromagnetic behavior of the samples was
also observed in measurements of spontaneous magnetization as a
function of the temperature (Fig. 7). In this case, the sample was
cooled from 300 to 5 K without any applied field. At 5 K a
magnetic field of 50 kOe was applied for 10 min and then
removed. The data was collected raising the temperature at 2 K/
min.

The curve presented in Fig. 7 can be fitted as follows:

Mð0Þ ¼MR 1� T
TC

� �
ð7Þ

where MR ¼ 0:88� 10�3 emu g�1 and TC ¼ ð61674Þ K. The criti-
cal temperature (TC), which is high enough to propose the
existence of strong interaction between the magnetic moments.
For a common 3D ferromagnetic phase the equation follows a T3=2

dependence law. In the present, the change in the exponent of T
means that the ferromagnetic behavior is a bidimensional one
[28]. Therefore, the observed M� T behavior could be related to
the low dimensional structure of the material. Indeed, the poly-
meric backbone is a one-dimensional structure. However, it is
important to stress that the ferromagnetic fingerprint was only
observed in pressed pellets, indicating again that perpendicular
interactions could have an important role in these systems.

4. Conclusions and final remarks

In summary, we concluded that the samples of poly(3-hex-
ylthiophene) present different magnetic behaviors: diamagnetism,
paramagnetism, and ferromagnetism. The results point that inter-
chain interaction plays a significant role in the collective interac-
tion of magnetic moments. Although the dipolar interaction is
responsible for the ferromagnetic interaction in various polymeric
systems [26,27], the intensity of this interaction is very weak and
therefore could not explain the interactions at room temperature
observed in the samples presented here. Thus, this type of
interaction has been excluded as responsible for the interaction
of the polymer. The critical temperature (TC) obtained from
spontaneous magnetization curve, around 616 K, showed that
the interaction between the magnetic moments is strong. Finally,
it has been demonstrated that when the samples are prepared
under special conditions – like being in a partially reduced state –

it leads to a concentration of polarons that allows the emergence
of the ferromagnetic interaction. Optimizing this condition is an
important goal to enable future applications of these materials as
organic magnets in organic electronics.
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