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CoFe 0 /polypyrrole composite nanoparticles were synthesized using a high energy ball mill. Méssbauer
and Fourier transform infrared spectroscopies, magnetization measurements and transmission electron
microscopy were used for the characterization of samples. Specific loss power (SLP) was determined by ex-
posing nanoparticles to an alternating magnetic field. Some changes in coercivity were observed and explained
comparing CoFe O, nanoparticles with CoFe O, /polypyrrole composite nanoparticles.
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1. Introduction

Composites of organic polymers and iron oxide
(y-Fe, O, and a-Fe,0,) or ferrite (Fe,O,, CoFe,O,
and MnFeO,) nanoparticles were studied as pro-
spective sorbents as well as materials for elec-
trocatalytic and biomedical applications [El—ﬁ].
Polypyrrole (PPy) stands out as a widely used
conducting polymer suitable for gas sensor, bio-
sensor and biomedical applications because of
good physical properties as well as an easy syn-
thesis [, , E, E]. Ferrite Fe,O, and CoFe, O, na-
noparticles are chemically stable and have good
magnetic properties. The potential of application
of magnetic nanoparticles (MNPs) in biomedicine
for cell separation, drug delivery, MRI, hyperther-
mia, etc. was shown [@—@]. Scientists are trying
to find novel ways of the MNPs functionalization

considering a long list of requirements, such as
controllability of particle size, biocompatibility,
chemical stability, thermal response to an alter-
nating magnetic field, etc. Various organic poly-
mers, such as dextran, chitosan, polyethylene gly-
col (PEG) and others [H, , @], have been used as
coating materials.

For more than half a century mainly mag-
netite Fe,O, nanoparticles have been applied for
in vitro studies. However, cobalt ferrite CoFe,O,
MNPs can also be an attractive candidate for hy-
perthermia treatment due to high anisotropy and
magnetisation as well as good chemical stabil-
ity [@]. Because of high anisotropy, a smaller size
of CoFe, O, nanoparticles may be used if applying
hysteresis losses as a source of heating for hyper-
thermia treatment [P2)]. Moreover, according to
Pasukoniené et al. [R3]] superparamagnetic cobalt
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ferrite nanoparticles synthesized by co-precipita-
tion are non-toxic to human pancreatic and ovar-
ian cancer cells at low concentrations. It was also
found that the antibacterial effect against E. coli
and S. aureus increased when zinc and copper
partially substituted cobalt in CoFe,O, nanopar-
ticles [R4]]. Moreover, it was found that antimicro-
bial properties of cobalt ferrite nanoparticles de-
pend on the size of nanoparticles [@].

It is well known that physical and chemical
properties of nanoparticles depend on the synthe-
sis method. Among many different methods to syn-
thesize nanoparticles, the mechanochemical meth-
od has been recently shown to be an effective way
to produce large quantities of nanoparticles [@].
High energy milling in a steel vial containing 1 200
steel balls also provide a possibility of intense mix-
ing preventing the formation of large CoFe O,/PP
composite nanoparticles. The previous studies [H,
E, ﬁ] showed that adding of organic polymers in
the composites with CoFe,O, nanoparticles influ-
enced the magnetic properties (coercivity and re-
manence). Therefore, the aim of the study was to
synthesize CoFe,O,/PPy composite nanoparticles
which can be dispersible in liquids, controlled by
magnetic field, and suitable for biomedical applica-
tions, and to investigate the influence of polypyr-
role on magnetic and hyperthermia treatment re-
lated properties. We studied magnetic as well as
high-frequency magnetic field heating character-
istics of CoFe O, nanoparticles, separately and in
the CoFe,O,/PPy composite. Magnetic properties
were compared at different temperature.

2. Experiment
2.1. Materials and methods

Magnetic cobalt ferrite nanoparticles (8-10 nm
in diameter) have been synthesized according to
Ref. [@]. One hundred millilitres of cobalt ferrite
nanofluid stabilized with citric acid was mixed
with a 2 ml pyrrole monomer for 1 minute at a ro-
tational speed of 400 rpm in a Fritch Pulverisette 6
(Fritsch GmbH) mill steel vial containing 1 200
steel balls, each 5 mm in diameter. Four grams of
FeCl,-6H,O were added as a polymerization initi-
ator. The prepared samples of composite nanopar-
ticles were centrifuged and washed with deionized
water for several times.

2.2. Characterization techniques

Mossbauer spectra were collected in the transmis-
sion geometry using a *’Co(Rh) source. Mossbauer
spectra were fitted applying the WinNormos (Site,
Dist) software. The images of synthesized compos-
ite nanoparticles were obtained using a transmis-
sion electron microscope Tecnai G2 F20 X-TWIN
(FEI, Netherlands, 2011). Fourier transform in-
frared spectroscopy spectra were obtained using
a Vertex 70v spectrometer. Magnetic measure-
ments were performed in the +10 kOe magnetic
field at temperatures of 100-340 K using an LDJ-
9500 vibrating sample magnetometer. For the ca-
lorimetric determination of specific loss power
(SLP), which is released on the exposure of an en-
semble of the particles to the applied alternating
magnetic field (AMF), ferrofluids based on the syn-
thesized MNPs were prepared using 0.1% aqueous
agarose solutions [@]. The concentration of MNP
ferrofluids was about 5 mg/ml. The prepared fer-
rofluids were placed in the middle of a magnetic
coil (5 turns, 3 cm diameter) which induced AMF
with a frequency of 300 kHz and amplitudes up to
124 Oe (9.9 kA/m). All calorimetric measurements
have been carried out according to the procedure
described by Veverka et al. [@? SLP values were
calculated according to

g7 p - Cmia Vs dThuia | (1)
mpowder dz

where dT, . /d7 is the initial slope of the graph of
change in temperature versus time, C, ., and V_are
the volumetric specific heat and volume of the so-
lution, respectively, and m__, is the mass of mag-
netic material in the fluid.

wde:

3. Results and discussion

3.1. Mossbauer data and structural properties

Mossbauer spectra of CoFe,O, nanoparticles and
CoFe,O,/PPy composite nanoparticles collected
at room temperature are shown in Fig. . For both
measured samples, the spectra consist of a dou-
blet and a sextet shaped pattern typical of nano-
structural ferrite. Both magnetically split (sextet)
and non-magnetic (doublet) subspectra appear
because of the nanoparticle size distribution in
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Fig. 1. Mossbauer spectra of pure CoFe,O, and
polypyrrole coated cobalt ferrite CoFe,O, PPy.

the samples [@]. A small area of the doublet (15
and 13%, respectively, for CoFe,O, and CoFe,O,/
PPy) suggests that for the majority of MNPs caus-
ing a magnetically split component of the spectra
the magnetic moment is in a blocked state at room
temperature [@]. The broadened lines of the sex-
tet pattern characterized by the average hyperfine
field of 40 T which is 20% lower than that of bulk
CoFe,O [@] indicate collective excitations of mag-
netic moments of nanoparticles. Figure shows
the TEM images of CoFe O,/polypyrrole. As re-
ported earlier [@], the size D of synthesized
pure cobalt ferrite MNPs was estimated to be
8-10 nm. Figure H shows the FTIR spectra of the
pure polypyrrole and CoFe O,/PPy composite.
The characteristic absorption peak of CoFe,O, at
574 cm™', which arises due to the stretching vibra-
tion of Fe(Co)-0, is clearly seen in the spectrum.
All the characteristic absorption peaks of polypyr-
role arising due to the N-H stretching, C-C out-
of-plane deformation, backbone C=C stretching,
and C-H out-of-plane deformation vibrations
are clearly visible in the CoFe,O, /PPy spectrum
which is almost identical to that of pure polypyr-
role [@].

Fig. 2. TEM image of polypyrrole coated cobalt ferrite
nanoparticles.
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Fig. 3. FT-IR spectra of polypyrrole and polypyrrole
coated MNPs.

3.2. Magnetic properties

Figure H shows the magnetization curves M(H) for
pure CoFe O, and CoFe O,/PPy MNPs measured
at temperatures T = 100 K (Fig. 4(a)) and T=288 K
(Fig. H(b)). MNPs of both compositions exhibit
a strong hysteresis and have a relatively large mag-
netization both at low and high temperatures. In
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high magnetic fields magnetization has the pro-
nounced tendency towards saturation. The satu-
ration magnetization values (defined as magneti-
zation in 10 kOe field), M “*2°+ = 28 emu/g and
M CoF20dFY = 20 emu/g, have been estimated at
low temperature (100 K). At room temperature
(288 K) the values of saturation magnetization
M °F24 = 25 emu/g and M ©F2°4"" = 19.5 emu/g
have been obtained.

The saturation magnetization value for the bulk
CoFe,0,is M = 94 emu/g []. In comparison with
the bulk saturation magnetization the obtained ex-
perimental values of M are ~4 times smaller. This
is likely to result from a noticeable contribution of
the subsurface layers of MNPs which, as a rule, are
partly or completely magnetically disordered [@].
For all the MNPs under consideration, the curves
of magnetization M versus the magnetic field H
have hysteresis at both temperatures.

The coercivity values H “*2% = 3280 Oe and
H CoF204PPy = 2720 Oe at 100 K have been estimated
(see the inset in Fig. H(a) At room temperature,
coercivity values are almost by one order of mag-
nitude smaller: H “°*2%4 = 370 Oe and H_“°*204*" =
300 Oe, respectlvely (see the inset in F1g @(b))
A peculiar feature for the sample coated with PPy
is a steep inflection of the magnetization curve in
the vicinity of zero field, which is observed at low
temperature (see Fig. @(a) marked by a dashed line).
This means that the MNPs of this composition can
easily rotate under an external magnetic field. On
the other hand, the MNPs without PPy coating are
strongly pinned and do not move, which explains
the absence of such inflection in their hysteresis
loop M(H) at 100 K (it should be noted that both
powders were densely packed in a plastic contain-
er). However, the inflection disappeared in a hys-
teresis loop of additionally glued CoFe O,/PPy
(Fig. @(c)) suggesting that the observed inflection
is due to the rotation of PPy glued agglomerates of
CoFe,O, nanoparticles. Possibly, because of high
magnetic anisotropy at low temperature, CoFe O,/
PPy composite particles can rotate if the particle
sticking is not very good. It is noteworthy that na-
noparticle agglomerates are nonuniform, of differ-
ent size and shape, as observed in the TEM images
(Fig. P2 I) Moreover, the enhanced mobility in mag-
netic field and lower ferrofluid stability compared
with the case of CoFe, O, MNPs can be associated
with forming of large CoFe,O /PPy composite par-
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Fig. 4. Hysteresis loops M(H) for pure CoFe,O, and
CoFe,O,/PPy MNPs measured at 100 (a), 288 (b) and
at 100 K glued and free CoFe,O,/PPy (c). The inset
shows the same dependences in the region of low
fields.

ticles which interact more strongly between them-
selves and with magnetic field.
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Temperature dependences of magnetization
(Fig. E) were obtained in two different mea-
surement modes: zero-field-cooling (ZFC) and
field-cooling (FC). In the ZFC mode, a sample
was cooled down to 100 K in the zero magnetic
field. At this temperature, the external magnetic
field H___ was applied to the sample and M,
was measured as a function of T in the process of
sample heating. In the FC mode, the sample was
cooled in the magnetic field H = H, . For
the MNPs under study measurements were carried
out in the applied magnetic field H___ = 187 Oe.
The obtained magnetization dependences on
the temperature M, (T) and M, (T) for the sam-

ples of both pure CoFe, O, and CoFe,O,/PPy are
shown in Fig. E(a, b), respectively.
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Fig. 5. Temperature dependences of magnetization M
(ZFC- and FC-measurements) for pure CoFe O, (a)
and CoFe,O,/PPy (b) MNPs. Measurements were
carried out in magnetic field H__ =187 Oe.

asul

An important parameter that characterizes
the behaviour of MNPs is the blocking tempera-
ture T}, at which the magnetization M, . measured
in a weak magnetic field achieves the maximum.
Above the blocking temperature, the magnetic
state of single domain MNPs is characterized as
superparamagnetic (when the ensemble of par-
ticles behaves like a paramagnet consisting of
MNPs with very large magnetic moments [@,
@]) and the system does not show any hysteresis.
Below T,, the MNPs are in a blocked state (parti-
cle moments appear frozen on the time of mea-
surement [@]) and their behaviour is character-
ized by hysteresis. In our case, for both samples,
M, displays growth below and above room tem-
perature. This means that the blocking tempera-
ture for both samples exceeds room temperature,
and thus at 288 K they are in a blocked state. This
is also confirmed by the presence of hysteresis
with ~300 Oe coercivity and a very strong tenden-
cy of magnetization towards saturation at room
temperature.

It is hard to define the exact mass ratio of
PPy and CoFe,O, in the synthesized composite.
The CoFe, O, nanoparticles are covered by a sur-
factant (citric acid) and only part of all PPy can
be bound to CoFe O, nanoparticles. Polypyrrole
in samples can explain the observed 22-29% de-
crease in saturation magnetization. The coercivity
H_ decreases as a result of adding PPy by 17 and
19%, at 100 K and room temperature, respectively.
The relative remanence r_ = M(H = 0)/M_is ap-
proximately the same (=0.5 at 100 K and =0.2 at
288 K temperature) for the CoFe,O,and CoFe,O,/
PPy samples. The effects of polymers on H_ and
r_ were previously found to differ for various
composites of CoFe O, nanoparticles with the or-
ganic polymers - polypyrrole (PPy), poly(aniline)
(PANI) and polyethylenedioxythiophene (PEDOT)
[6, 7]. For CoFe,O,/PPy composites H_decreases
when the amount of PPy increases but r_ does
not change [E]. For CoFe,O,/PANI and CoFe O,/
PEDOT composites r_ increases with the polymer
amount while H_decreases first and later increas-
es when adding PANI and PEDOT polymers [H,
ﬂ]. Values of the relative remanence were found to
be in a range of 0.2-0.3 [6, 7].

For the non-interacting nanoparticles of vol-
ume V and magnetic uniaxial anisotropy K the co-
ercivity is given by
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where H, = 2K/M_ is the anisotropy field, k
is the Boltzmann constant, T is temperature,
7_ is the characteristic measurement time and
7, is the inverse superparamagnetic attempt
frequency [@ The blocking temperature is
T, = KV/k In(z_/7,). For CoFe,O, nanoparticles
HC may reach some kOe at low temperature [@],
but the highest switching field for CoFe, O, given
by H, is not achieved.

The influence of magnetic interactions was
shown for the CoFe,O, nanoparticles in compos-
ites with polymers and Au Hpﬁ @]. The indirect
exchange coupling of RKKY (Ruderman-Kittel-
Kasuya-Yosida) through conducting electrons
was used to explain the changes in magnetization
loops of CoFe,O, nanoparticles mixed with con-
ductive polyaniline [ﬂ]. Polypyrrole is also known
to have good conductive properties [E]. When
the interactions between nanoparticles couple
the magnetic moments antiferromagnetically, H
decreases @] The relative remanence of =0.2 of
our samples indicates that the influence of inter-
particle interactions dominates [@]. Applying
the random anisotropy model for soft magnetic
nanocrystalline materials the effective anisotropy
is defined as Keir = K/YN, where N is the number
of correlated nanoparticles [@, @]. As the correla-
tionlength L =./A/K_ 4 ,where A is the exchange
stiffness, the effective anisotropy

K = K‘DY/A%. (3)

The random anisotropy model was found to be
applicable even when dipolar interactions were
dominating [@].

The role of inter-particle interactions relative
to the anisotropy energy decreases with tempera-
ture decrease as the relative remanence r_ increas-
es @] In Refs. E ﬁ the changes in H and r_
were explained by the polymer induced modifica-
tions of surface anisotropy and magnetic interac-
tions. The superparamagnetic relaxation of nano-
particles and the decrease in effective anisotropy

K ;according to Eq. (2) would cause reduction in
H_when temperature increases. It is noteworthy
that Eq. (3) indicates the sensitivity of the effec-
tive anisotropy K, to any changes in the mag-
netic anisotropy K and the exchange stiffness A
either due to temperature variation or polymer
coating.

3.3. Heating characteristics for hyperthermia
application

To obtain AC magnetic heating characteristics for
the synthesized MNPs, magnetic fluids of CoFe, O,
and CoFe,O,/PPy MNPs have been prepared.
Changes in the temperature (T, ) of the fluids
in dependence on the residence time 7 have been
studied. Figure E shows the dependences T, (1)
obtained for both compositions. The measure-
ments were carried out in an external AMF with
the fixed frequency f of 300 kHz and the ampli-
tude H__of 124 Oe (9.9 kA/m). The initial slope
of each curve dT, . /dt plotted in Fig. E provides
information about SLP Using Eq. (1), the follow-
ing experimental values of SLP were obtained for
the ensembles of cobalt ferrite MNPs: SLP°F204 =
15.4 W/g and SLPF04"? = 11.3 W/g.
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Fig. 6. Time dependences of heat generation for
the ferrofluids based on synthesized MNPs of pure
CoFe,0, and CoFe,O,/PPy. The measurements
were carried out in AMF with the fixed frequency
f=300kHz and amplitude H__ =124 Oe (9.9 kA/m).
The values obtained by the experiment are marked
as symbols (circles and squares) while dashed lines
show the results of fitting by the polynomial function

T, =2+ br+cr’ +dr’ denoted as dashed lines.
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In order to theoretically study the heating char-
acteristics of the synthesized MNPs in the external
field (f= 300 kHz and H_ = 124 Oe), the features
of the magnetic state at 288 K have been taken
into account for both compositions. Since MNPs
of both pure CoFe,O, and CoFe,O,/PPy samples
are characterized by a blocked state (see Fig. )
and the presence of hysteresis at 288 K (see Fig. {),
the Stoner-Wohlfarth model was used for estima-
tion of the maximally possible value of SLP [@,
@]. In this case for the ensemble of MNPs placed
in the external AMF the magnitude of heat dis-
sipated by MNPs during one magnetization cycle
equals the hysteresis loop area S.

If the magnetization is normalized per unit of
MNPs mass, the SLP magnitude is defined as

SLP,, =S f. (4)

In the general case for the ensemble of MNPs
with randomly oriented anisotropy axes the upper
limit value of SLP is [@]

SLPImt = 4auH M. f, (5)

where a = 0.39 [@, @] is a dimensionless pa-
rameter which equals the ratio between the areas
of the actual hysteresis loop and the ideal rectan-
gle loop, with the latter having « = 1, and M_ is
the saturation magnetization of MNPs. Thus for
CoFe,0, and CoFe O,/PPy compositions the upper
limits of SLP, calculated according to Eq. (5), are
SLP(limit)COFezO4: 1451 W/g and SLP(limit)C0F€204/PPy —
113.2 W/g. It should be noted that Eq. (5) is valid
only in the case when the amplitude of AMF ex-
ceeds the coercivity. In our case this condition is not
met (H__ =124 Oe while coercivities are H “°"2°4 =
370 Oe and H “"2°4"» = 300 Oe, respectlvely (see
Fig. @)) However, Eq. (5) shows the maximally pos-
sible value of SLP that may potentially be achieved
in cobalt spinel MNPs.

4. Conclusions

This work demonstrates promising prospects of
the fabrication of CoFe O,/polypyrrole composite
nanoparticles dispersed in ferrofluid by high en-
ergy milling and shows the directions for tuning
their properties to meet the requirements neces-
sary for development of biomedical applications.

The FT-IR spectra and TEM images indicate that
CoFe,O,/polypyrrole composite nanoparticles
were successfully prepared as pollypyrole glued
CoFe,O, nanoparticles. The magnetic proper-
ties and heating characteristics for hyperthermia
treatment somewhat differ between the CoFe O,
and CoFe O /polypyrrole composite nanoparti-
cles. The coercivity decreases when forming a na-
nocomposite with polypyrrole at 100 and 288 K by
17-19% indicating that the effect of polypyrrole is
weakly temperature dependent. The change in co-
ercivity can be explained in terms of the effective
anisotropy of strongly interacting nanoparticles
influenced by coating with polypyrrole.
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Santrauka

CoFe 0, /polipirolio kompozitinés nanodalelés su-
sintetintos pasitelkus planetarinj didelés energijos rutuli-
nj maling. Mesbauerio ir FTI spektroskopijos, magneti-
niai matavimai ir per$vie¢ianti elektroniné mikroskopija
buvo panaudoti susintetinty medziagy struktirinéms ir
magnetinéms savybéms nustatyti. I$siskirianti specifiné

nuostoliy galia hipertermijai nustatyta veikiant nano-
daleles 300 kHz daznio ir 124 Oe amplitudés kintamu
magnetiniu lauku. Lyginant CoFe,O, ir CoFe,O,/poli-
pirolio kompozitiniy nanodaleliy histerezés kilpas buvo
pastebéti koercinés jégos pokyciai, paaiSkinami dél poli-
pirolio jtakos pakitusia nanodaleliy sgveika.
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