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Magnetic studies of Fec14 -doped poly(3-alkylthiophenes) and poly(4, 4'-dialkyl-2, 2'-bithiophenes)
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Two types of soluble conducting polymers doped with FeC14 were investigated, namely, poly(3-
alkylthiophenes) and their "head-to-head, " "tail-to-tail" coupled analogues: poly(4, 4'-dialkyl-2, 2'-

bithiophenes). The samples were subjected to static magnetic measurements of the magnetic susceptibili-

ty (the Faraday balance) and electron-spin-resonance spectroscopy in a wide temperature range {4.2—273
K). A classical paramagnetic dependence of the static magnetic susceptibility can be found at high tem-

peratures. On the other hand, a different magnetic effect appears at low temperatures. This may suggest
that below a certain temperature (denoted as T, ), short-range magnetic order affects the magnetic
response of the polymer samples.

INTRODUCTION

In recent years conjugated polymers have attracted
significant attention mainly because of their interesting
nonlinear optical properties and their doping-induced
electroactivity. Much of these research efforts were de-
voted to polyalkylthiophenes, which differ from other
conjugated polymers by their solubility in common sol-
vents. This latter property is of extreme importance from
an applications point of view, since it strongly facilitates
the processability of these materials. Polyalkyl-
thiophenes are most frequently prepared by oxidative po-
lymerization of 3-substituted thiophenes. ' Recently, a
new family of these compounds was synthesized, namely
poly(4, 4'-dialkyl-2, 2'-bithiophene). Poly(4, 4'-dialkyl-
2,2'-bithiophenes) can be formally treated as "head-to-
head, " "tail-to-tail" coupled analogues of poly(3-
alkylthiophenes). Both poly(3-alkylthiophenes) (P3AT's)
and poly(4, 4'-dialkyl-2, 2'-bithiophenes) (PDABT's) may
be chemically doped using a suitable doping agent (for ex-
ample, FeC13). In the process of doping the po-
lythiophene chain, charge carriers, polarons or bipola-
rons, are introduced into polymer conjugated chains.
For this reason, electronic band structure and electronic
transport properties fundamentally depend on the dopant
concentration. Furthermore, because transport proper-
ties of electrically conducting polymers are also limited
by interchain and interfibrillar conductivities, the net
value of the macroscopic conductivity depends on the di-
mension of the dopant molecule.

If the polymer matrix is doped with magnetic agents,
magnetic measurements may be useful as an additional
source of information about the nature of dopant agent-

polymer chain interactions. This, in turn can be useful in
understanding electrical transport processes. Additional-
ly, in the case of magnetic dopants, inhuence of the local-
ized magnetic moments on delocalization of charge car-
rying species (polarons, bipolarons) are expected as a
consequence of the dopant-polymer chain interaction.
The introduction of an external magnetic moment into
the conjugated polymer system was discussed by
Jones for polyacetylene. In this case, ferric chloride was
chosen as a magnetic impurity candidate. For these sam-

ples, there was no evidence for any magnetic interactions.
Contrary to this result, Kucharski et al. reported an ob-
servation of the antiferromagnetic coupling between the
dopant species and the polymer chain. These interactions
were detected for PPV doped with ferric chloride. It is
very interesting that the cited results were obtained for
two totally different conjugated systems. The fact that
magnetic order has been observed for systems with non-
degenerate ground states, but has not been reported for
systems with degenerate ground states, is motivation for
additional studies.

In our research, polythiophene was chosen as the non-
degenerate ground-state system. The polymers investi-
gated (see above) were doped with the same magnetic
agent: ferric chloride. In the doping process, the negative
tetrachloroferrate (FeC1~ ) complex is formed as the
counter ion to the positively charged polymer chain. Ac-
cording to earlier observations reported by Pron' and by
Sakai, " the high spin state of the ferric ion with the
effective magnetic moment p,&=5.92p~ is to be expected
at room temperature.

In this paper we describe the results of the static mag-
netic susceptibility and the electron spin resonance spec-
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troscopy measurements carried out on doped poly(3-
alkylthiophenes) and poly(4, 4'-dialkyl-2, 2'-bithiophenes).
These magnetic studies were undertaken for several
reasons: to address whether the alleged doping specie,
FeC14, acts as a free paramagnetic agent with a spin —,'; to
obtain some information about possible short-range mag-
netic order; and to obtain information about the charac-
ter of the charge carrying specie responsible for the trans-
port phenomena.

EXPERIMENTAL

The substrates for the polymerization of the two fami-
lies of polymers studies were prepared as follows: (i) 3-
alkylthiophenes were prepared from 3-bromothiophene
by Grinard coupling. ' (ii) 4,4'-dialkyl-2, 2'-bithiophenes
were prepared from 3-alkylthiophenes by metalation with
butyllithium followed by oxidative dimerization with
CuC12.

The monomers were then polymerized with FeC13 to
the corresponding polymers. Different procedures were
used for the monomer compounds than for the dimer
ones. The main differences were connected to the
purification procedure and the concentration on the sub-
strates. The exact procedure for the preparation pro-
cedure for PAT' s, used in the present studies was report-
ed by Kulszewicz-Bajer et al. ' The preparation of
PDABT's on the other hand, was described in detail by
Zagorska and Krische. The polymers were checked for
iron contamination after the synthesis and were found
essentially iron free. Free-standing films of undoped
polymers were prepared by casting from chloroform
solutions.

The films were doped with FeC13 to give
[P3AT(FeC1~) ]„and [PDABT(FeC14) ]„, respectively.
The dopings were carried out in FeC13 solution in dry ni-
tromethane. The doping level was controlled by the time
of the direct contact of the doping solution with the film.
After doping, the samples were washed repeatedly to re-
move any excess of the doping agent, and then vacuum
dried to constant mass. The doping levels were deter-
mined from mass uptake, and verified by elemental
analysis for selected samples. The relative error of the
dopant concentration determination was estimated to be
below 10% for all tested samples. Based upon the ele-
mental analysis of the selected samples, the estimated
dopant levels should be regarded as the higher bounds. It
should be noted here that in inappropriately doped sam-
ples, antiferromagnetic aggregates can exist, '"' which of
course would inhuence the measured magnetic suscepti-
bility. The existence of such aggregates can be verified by
Mossbauer spectroscopy (ME) studies, as reported by
Pron et al. ' The present measurements were carried out
at sufficiently low temperatures, i.e., below the Neel tem-
peratures appropriate to FeC12 and FeC13 aggregates.
The ME studies of the samples indicate that the weight
ratio of the "antiferromagnetic contaminants" to the
"dopant iron" is the order of 10 and hence cannot
affect the observed magnetic response of the samples.

Static magnetic measurements of the magnetic suscep-
tibility were carried out on a Faraday-type magnetic bal-

ance with a Cahn RG type automatic electrobalance. A
personal computer was used for computer data acquisi-
tion and analysis, allowing the collection of any number
of experimental points. The balance was calibrated using
Dy203, and the sensitivity of this magnetometer was es-
timated to be about 10 emu/g. Measurements were
carried out in the temperature range from 5 K to 300 K,
in a Aow-gas cryostat, using magnetic fields up to 0.5 T.

The ESR measurements were performed with a stan-
dard 10 GHz X-band ESR spectrometer in the tempera-
ture range of 4.2 K—40 K. Temperature setting was ac-
complished using a gas-Aow variable temperature
cryosystem. The temperature was measured using
Au+0. 03% Fe-chromel thermocouple with total accura-
cy better than 1 K.

In all measurements polymer samples were exposed to
air for about 15 min during mounting in the apparatus.

RESULTS AND DISCUSSION

As mentioned above, samples were doped with ferric
chloride to the different doping levels. The static mag-
netic susceptibility measurements were carried out for
the samples, with dopant concentrations corresponding
to medium and high doping levels. In principle, at medi-
um doping, positive bipolarons are expected. Because of
interactions between charged excitations, the lowest
charge transfer configuration at high (saturated) doping
level is expected to correspond to a polaron lattice. '

The dopant concentration y, defined as the number of
dopant anion species per monomer of the polymer, i.e.,
[(P3AT)+~(FeC14 ) ]„and [(PDDBT)+~(FeC14 ) ]„. The
following samples were subjected to susceptibility mea-
surements:

P3HT: y =0.02, 0. 10, 0.42,
P3OT: y =0.04, 0. 11, 0.41,
PDDBT: y =0.03, 0.30 .

Samples with the lowest doping levels obtainable in this
study correspond to medium dopant concentrations. The
remaining dopant compositions belong to the high-
doping regime.

In Fig. 1(a) a typical measured temperature depen-
dence of the static magnetic susceptibility is shown,
where static magnetic susceptibility is plotted as a func-
tion of absolute temperature. The quenching of the mag-
netic signal for one polythiophene sample is more evident
in Fig. 1(b) than in Fig. 1(a). The onset of the change in
the magnetic susceptibility with increasing temperature
(i.e., near 7 K) is very similar to systems in which
paramagnetic to magnetic ordering transitions occur.

Consider the static magnetic susceptibility of a given
sample as a function of temperature. This may be de-
scribed by the following formula:

X( T ) =Xo+Xpc( T ) +XDop( 2 )

where particular contributions are as follows. yo is a sum
of temperature-independent contributions; namely, core
diamagnetism of the polymer chains and dopant mole-
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C=Np, zuz/3k& is a constant which can be used to ob-
tain the effective magnetic moment p,s=g[J(J+1)]'
where N is the number of ions, J is a total quantum num-
ber, and p~ and kz are the Bohr magneton and the
Boltzmann constant, respectively. The 0 temperature
depends on the nature of the magnetic interionic or inter-
molecular interactions. The value of theta can be corre-
lated with a sum of the exchange integrals of various
magnetic interactions.

In order to verify the agreement of the temperature
dependence of the susceptibility with the Curie-Weiss
law, the following formula was fitted to the experimental
data over the entire temperature range:
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FIG. 1. (a) Temperature dependence of the static magnetic
susceptibility for FeC14 doped poly(3-heksylothiophene)
(P3HT). Measurements were carried out for three dopant con-
centrations (y =0.02, 0.10, 0.42). Every third point is shown.
(b) The temperature dependence of the magnetic susceptibility
for [P3HT+0'01 FeC14 )O,o]„. Quenching of the magnetic
response of the sample is observed.
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cules. Moreover, the Pauli susceptibility of charge car-
riers should be taken into account. This may be de-
scribed, to a good approximation, by gp~Uii=N(Ep)pg,
where N(EF) is the density of states on the Fermi level
and p~ is the Bohr magneton. The total diamagnetic sus-
ceptibility can be obtained by summing all diamagnetic
contributions (called Pascal constants) from all atoms and
from all bonds in a given functional group, either for
polymer chain or the dopant molecule. ypc(T) is a
Curie-like temperature-dependent susceptibility, which is
associated with localized spins existing at polymer chain
defects. And finally, goop( T) is the Curie (Curie-Weiss)
temperature-dependent susceptibility of the dopant mole-
cule.

The temperature dependence of localized spin suscepti-
bility can be described by the Curie law (or more general-
ly by the Curie-Weiss law)

where the temperature-dependent part comes from the
Curie-Weiss law, and go is the sum of all temperature-
independent contributions in (1).

In general, a good correlation coefficient (of 0.999) was
only obtained in the high-temperature range of the sus-
ceptibility data. Below a certain temperature, which we
define as T„the static magnetic susceptibility did not fol-
low the Curie-Weiss law. Here it should be considered
that magnetic susceptibility studies of polythiophene
samples doped with nonmagnetic anions such as C104,
the Curie law contribution to the total value of y was
5X10 emu per mole thiophene and did not change
with doping. ' If it is assumed that stable (bi)polaron
excitations exist as the dominant doping-induced charge
storage configuration, then the ypc( T) contribution to the
total value of the measured susceptibility is of the same
order of magnitude as the accuracy of our measurement
technique, and, consequently, can be neglected. Further-
more, for polyalkylthiophene samples with the highest
dopant concentration one can expect a finite density of
states at the Fermi level. ' This means that transport
properties possess bandlike character. Accordingly, their
inAuence on the magnetic properties should be manifest-
ed in the temperature-independent part of the magnetic
susceptibility [Eq. (1)]. Consistently, only contributions
to the temperature-dependent part of the fitted expres-
sion, which come from the dopant species, were taken
into consideration.

All of the fit parameters obtained are shown in Table I.
The values of the effective magnetic moment are also col-
lected in this table. These values were calculated from
the value of the Curie coefIicient C obtained according to
Eq. (2). Errors of the efFective magnetic moment B„also
were estimated. It should be stressed here that the
infIuence of the error of the dopant concentration deter-
mination on the estimated values of the magnetic mo-
ment errors was most pronounced for the lowest dopant
concentrations. Despite the errors obtained, the values of
p ff shown in Table I are smaller than expected values for
pure spin state (p,a=5.92). This is probably caused by
the incomplete quenching of the orbital angular momen-
tum of ferric ion because of distorted tetragonal ligands
arrangement. Since for 3d atoms the spin-orbit coupling
favors an antiparallel arrangement of L and S angular
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TABLE I. Magnetic parameters derived from the Curie-
Weiss law fitting above T, .

TABLE II. Diamagnetic and Pauli susceptibilities of doped
polythiophenes.

Sample P3HT P3OT PDDBT

1.77 0.56 0.33 1.77 0.34 0.17 1.72 0.35

Dopant
concentration 0.02 0.10 0.42 0.04 0.11 0.41 0.03 0.30
T. (K) 21.7 22.8 20.8 33.9 31.3 33.6 34 35.6
8 (K) 0.25 1.79 1.81 1.37 1.11 1.72 1.2 1.5
Xo
(10 emu/Cmol) 1.18 1.35 0.76 0.91 0.92 0.61 0.09 0.34
C
(emu K/Femol) 5.42 2.98 3.32 3.41 4.27 3.36 4.16 3.52

jeff
(p&/Fe ion) 6.6 4.89 5.16 5.23 5.85 5.19 5.78 5.31
&„.a
(pz/Fe ion)

Sample

P3HT

P3OT

PDDBT

y =0.02
y =0.10
y =0.42

y =0.04
y =0.11

y =0.41
y =0.03
y =0.30

—5.6
—5.0
—3.4
—4.9
—4.4
—3.2
—4.5
—3.4

1.3
1.4
0.8
1.0
1.0
0.7
0.1

0.4

Xd18 XPauli

(10 emu/C mol) (10 ' emu/C mol)

momenta, one observes a reduction of the effective mag-
netic moment. For temperatures below T„ the tempera-
ture dependence of the static magnetic susceptibility does
not follow the Curie-Weiss law. In addition, a depen-
dence of T, on the length of the alkyl group is observed.
This behavior is not entirely understood. The fact that
T, does not depend on the dopant concentration can be
explained by the fact that the samples were doped to
medium and high regimes. Since doping is inhomogene-
ous and bulk samples were doped, the dopant agents are
located within areas with different dopant concentrations.
Some areas within a sample are doped to high (satura-
tion) level, while others are doped to the doping level well
below the average estimated for the bulk sample. The
size of such highly doped "clusters" increases upon dop-
ing, with almost constant dopant concentration within an
individual "cluster. " Thus, the molar magnetic response
of a single cluster should not depend upon the dopant
concentration. For all samples, the values of 0 obtained
are all positive and are of the same order of magnitude as
the estimated temperature error. Therefore, the existence
of positive values of the factor representing magnetic in-
teractions cannot be interpreted as an effect of ferromag-
netic interactions in the polymer samples.

The Pauli susceptibility is the last quantity which can
be extracted from the static magnetic measurements. It
was obtained from yp values by subtraction of the
diamagnetic contribution to the total value of
temperature-independent susceptibility. This contribu-
tion was estimated from the Pascal constants. The values
of the Pauli susceptibility obtained are shown in Table II.
They are comparable to those reported by Chen, Heeger,
and Wudl' and by Moreas et aI. For the highest
dopant concentrations, smaller values of pp are observed.
This may suggest that for dopant concentrations close to
the saturation state bipolaronic rather than polaronic ex-
citations are responsible for transport processes. Smaller
values of the Pauli susceptibility for PDDBT, relative to
other samples, may be explained by taking into account
the experimentally proved lower conjugation length in
PDDBT. Then, the lower Pauli susceptibility may be
caused by an expected concentration of barriers, resulting
in a hindrance to movement of charge carrying species
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FICx. 2. Curves of (g —go)(T —0™)vs temperature are shown
for selected P3OT and PDDBT samples. The nonlinear parts il-
lustrate the discordance with the fitted Curie-Weiss law. The
fitting parameters are shown in Table I.

along the chain. This behavior was confirmed experimen-
tally by electrical conductivity measurements on P3AT
and PDDBT.

To summarize the susceptibility data, (y —yo)( T—0)
as a function of temperature is shown in Fig. 2 in order to
better illustrate the magnetic susceptibility deviation
from the Curie-Weiss law. This disagreement indicates a
complicated behavior of the magnetic moments of ferric
ions at temperatures below T, . The shape of the suscep-
tibility curves [Figs. 1(a), l(b), and 2] suggests rather anti-
ferromagneticlike interactions. Furthermore, the mea-
sured effective magnetic moment p,z is lower than ex-
pected for pure paramagnetic dopant species. It should
be mentioned here that a magnetic dipole interaction be-
tween dopant rnolecules ought to be excluded at once,
since the energy of two directly interacting magnetic di-

0

poles (S;= —,') about 10 A apart is two orders of magni-
tude lower than the measured value of T, .

Consider the behavior of paramagnetic spins in high
magnetic fields at low temperatures. In this case, magne-
tization per unit volume can be described by the follow-
ing formula
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gJpgH
M =NgJp~BJ

where Bz is the Brillouin function,

BJ(g)=— J+—coth J+—g ——coth+1 1 1 1

J 2 2 2 2

where

rj=gp~H/ks T .

(4)

(5)

(6)

of the ferric ion. Moreover, the existence of (bi)polaronic
state responsible for the transport properties can also be
detected. Another reason was the desire to observe possi-
ble asymmetry of the g factor corresponding to the ferric
ion. This may suggest the distortion of the tetrahedral
ligand arrangement which, in turn, may cause the incom-
plete quenching of the orbital angular momentum. This,
in turn, was suggested by the magnetic studies discussed
above. Thus, the ESR measurements were carried out at
low temperatures for selected samples with specified
dopant concentrations:

BJ describes the saturation of paramagnetic moments of
total quantum number J. Therefore, if one assumes that
the ferric ion acts as a pure paramagnetic ion, a similar
dependence of the magnetization would be observed as a
function of ratio H/T independent of temperature. In
such a case, even if accessible magnetic fields do not
suftice to reach the saturation state, the magnetization
ought to follow the onset of the Brillouin function, espe-
cially of low temperatures. Any disagreement observed
in the H/T dependence of the magnetization may be
caused by the effect of magnetic interactions.

Accordingly, for two samples, P3HT (y=0.42) and
P3OT (y =0.41), static magnetization measurements
were carried out as a function of magnetic field at five
temperatures below T, . To obtain a strong and pro-
nounced magnetic signal in weak magnetic fields, samples
with the highest dopant concentration were chosen.
Measurements were performed in magnetic fields from 0
up to 0.5 T. The dependences are shown in Figs. 3(a) and
3(b). The measured dependence of the magnetization on
the ratio of magnetic field and absolute temperature
should have followed the linear onset of the Brillouin
function, if the paramagnetic state had been achieved.
Any disagreement in the observed H/T dependence of
the magnetization is caused by magnetic interactions. In
fact, it can be seen that at higher temperatures, the mag-
netization increases linearly with the H/T ratio, with a
slope depending on the measurement temperature. This
means that magnetic phenomena can be roughly de-
scribed by the Curie law, as approximated in the magne-
tization formula. The effective magnetic moment, evalu-
ated from the highest temperature results, is very close to
the value obtained from the temperature dependences of
the susceptibility (p,s=5.30 and 5.64 for P3HT and
P3OT, respectively). The fact that the slope of the mag-
netization curve depends on temperature leads to the fol-
lowing conclusion: a transition from a paramagnetic
state to a state in which the short-range magnetic interac-
tions affect the pure paramagnetic response of the
polythiophene samples is observed. This explanation is
reasonable, especially because of the nonlinear behavior
of the magnetization for the lowest measurement temper-
atures. Thus, the static magnetic measurements suggest
an accentuation of magnetic interactions among ferric
ions at low temperatures.

Additionally, the electron spin resonance also was car-
ried out. There were several reasons to undertake such
measurements. One goal was to exclude the possibility of
the high-spin —low-spin evolution of the electronic state

POT y =0.04 and 0.41,
PDDBT y =0.03 and 0.30,

i.e., for the highest and the lowest doping levels. Results
obtained for the polyoctylthiophene samples are shown in
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FIG. 3. (a) and (b) The magnetization vs H/T curves are
shown for two FeC14 -doped samples: P3HT (y=0.42) and
P3OT (y =0.41). Above 5 K the dependence of the magnetiza-
tion upon T may be interpreted as the linear onset of the Bril-
louin function. For both samples the Brillouin function is not
obeyed in the H/T runs of the magnetization at temperatures
below about 5 K. For the highest temperature, the onset of the
Brillouin function can be fitted with the following parameters: g
factor equal to 2.00 and effective magnetic number J=2.10
(solid line).
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FIG. 4. ESR spectra for P3OT with low (a) and high (b)
dopant concentrations, y =0.04 and y =0.41, respectively.

Figs. 4(a) and 4(b). Considerable differences between the
ESR for lightly and highly doped P3OT samples are ob-
served. Moreover, a decrease of the ESR intensity with
increasing temperature can be seen. The latter phenome-
na may be rationalized by reduction of the cavity Q fac-
tor and disturbed distribution of the rf field, because of an
increase of the conductivity with temperature and the
skin currents which appear in the polymer films. Thus,
as the ESR signal decreases with increasing temperature,
the nonmetal-metal transition exemplified by increasing
conductivity is observed. This transition and the effect of
charge carriers localization was confirmed by electrical
transport measurements at low temperatures. For the
sample with the low dopant concentration, three lines are
observed in the spectrum, in contrast to the sample
doped to a high doping level, where only two resonance
lines are observed. First, consider the spectra of lightly
doped samples. One can notice that a narrow line corre-
sponding to a g value equal to 2.00 is seen. This line is in-
trinsic to the conjugated polymer backbone, and can be
attributed to polarons localized to defects in the polymer
chain. Disappearance of this resonance signal for sam-
ples with higher dopant concentration may be explained

by assuming that the spinless bipolaron excitations are
the favorable charge storage configuration, contrary to
the case of the lightly doped sample. There also is a
highly asymmetric line with g =4.3, which is an accept-
able value for the high spin state of the ferric ion in the
distorted tetrahedral ligand arrangement. This distortion
suggests a strong interaction of the ferric complex with
the polymer chain. Such strong interactions between im-

purity and polymer backbone were theoretically predict-
ed for simple systems by Fredriksson and Stafstrom.
Moreover, anisotropy of the g factor is observed. Its na-
ture, in compliance with magnetic results, suggests more
complicated behavior of the ferric ion as the dopant of
polythiophene matrix than of the polyacetylene matrix.
Additionally, there is a broad line with g =2 attributed to
the Fe + ion. The width of this line is approximately 40
mT (400 G) peak to peak. This line has been reported
previously by Park et al. and by Jones et al. These
factors did not change with temperature. Thus, the hy-
pothesis of the change of electronic state with tempera-
ture can be ruled out in view of the ESR results.

To summarize, the results of magnetic measurements
suggest that at low temperatures (below a temperature
T, ) a short-range magnetic order exists. The tempera-
ture dependence of the susceptibility provides evidence
for antiferromagneticlike interactions. The magnetiza-
tion studies show that transition from a paramagnetic
phase to an ordered phase occurs. The magnetization
dependence on the H /T ratio for the lowest-
measurement temperature is reminiscent of the efFect of a
short-range antiferromagnetically ordered phase. The
fact that the effective magnetic moment is reduced be-
cause of distortion of the tetrachloroferrate complex sup-
ports the idea of very strong interaction between doping
agent and polythiophene skeleton. Keeping in mind that
guest ions are arranged in "channels" parallel to the
polymer chain axes, and the fact that wave functions of
charge carrying species spread out over several mono-
mers and overlap each other for high doping levels, the
following conclusion can be d.rawn: The magnetic order
is associated with exchange interactions between magnet-
ic dopant agents mediated by localized (bi)polaronic
states. Such a situation is more favorable for systems
with a nondegenerate ground state, where only pairs of
interacting charge carrying species can exist. Further-
more, because of this efFect, the localization of charge
carriers is observed. Because of the higher mobility of
charge carriers at higher temperatures, above the T, tem-
perature doped polymers behave as paramagnetic materi-
als.
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