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Water dispersible cobalt ferrite nanoparticles, Co,Fe;_,O,, of different size (4-10 nm) and various
composition (0 < x < 1), functionalized with a rhamnose derivative were obtained and characterized
by combining TEM, XRD and elemental analyses techniques. Magnetic properties of these systems
were studied by SQUID magnetometry. A particular emphasis was given to the investigation of
magnetocrystalline anisotropy and size effect on the heating abilities of the nanoparticles under the

application of an alternating magnetic field.

Keywords: Cobalt Ferrite, Magnetic Hyperthermia, Water Soluble NPs, Magnetocrystalline

Anisotropy.

1. INTRODUCTION

Due to their biocompatibility, iron oxide nanoparticles like
maghemite (y-Fe,0;) and magnetite (Fe;O,) have widely
been developed for biomedical applications.! Mixed fer-
rites with general formula M, Fe,_,O,, obtained by substi-
tuting Fe?* with other metal ions (M?**, where M = Co,
Mn, Ni, Zn...), has been often suggested for tuning the
magnetic properties. Among different bivalent transition
metal ions, the use of Co** to form cobalt ferrite nanopar-
ticles is very promising because it induces an important
increase of the magneto-crystalline anisotropy, which pro-
vides a significant improvement of the magneto-thermal
properties of particles of a few nanometers (<20 nm),
allowing their effective use as heat-mediator for magnetic
fluid hyperthermia.> In order to design cobalt ferrite
nanoparticles for biomedical application and, in particular,
for hyperthermia treatment, different requirements must
be addressed, such as stability at physiological pH, good
dispersibility in water, biocompatibility, non-toxicity for
living organisms, non-interaction with immune cells, effi-
ciency for the specific application, etc.>™ In addition to
the chemical composition, the efficiency of nanoparticles
as mediator for magnetic hyperthermia depends on their
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size and the size distribution.® The synthesis of water dis-
persible cobalt ferrite nanoparticles with a precise size
and composition control is a challenge because the clas-
sical co-precipitation or microemulsion methods in aque-
ous media leads to nanoparticles with a relatively large
size distribution.””"! To fix this problem, polyol approaches
have been developed for small size nanoparticles,'? how-
ever, the size and shape distribution is commonly very
limited.'*'® By contrast, thermal decomposition is a more
versatile approach giving very homogenous but hydropho-
bic nanoparticles.!” Up to date, only a few publications
report on the synthesis of water dispersible cobalt fer-
rite nanoparticles.'® We have already reported'” a two-step
approach to the synthesis of carbohydrates-coated mag-
netite nanoparticles with sizes in the range 4-35 nm. In
this approach, nanoparticles with a narrow size distribu-
tion were prepared by a thermal decomposition method
followed by a ligand exchange with carbohydrate ligand
in order to achieve a good water dispersibility. The sur-
face functionalization of nanoparticles with carbohydrates
presents several advantages like (i) water dispersibility
and biocompatibility and (ii) cellular recognition thanks
to carbohydrate-binding proteins.??! In particular, rham-
nose moieties have demonstrated a specificity on the
recognition of skin cells of the epidermis or the horny
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layer.?? In this work, we present the synthesis of water-
dispersible cobalt ferrite nanoparticles having different size
and composition and functionalized by a rhamnose deriva-
tive. The relationships between nanoparticles size, com-
position and magnetic and magneto-thermal properties are
investigated.

2. EXPERIMENTAL DETAILS

2.1. Reagents

Absolute ethanol, hexane, methanol and dichloromethane
(99%) were used as received. The THF was purified
by distillation over sodium. 1,2-hexadecanediol (90%),
oleic acid (90%), ammonia 2.0 M solution in methanol,
cobalt(Il) acetylacetonate (97%), tris(trimethylsilyl)phos-
phate (>98%), triethylene glycol (Reagent Plus, 99%),
boron trifluoride etherate (>46% BF; basis), tetra-
bromomethane (Reagent Plus, 99%), triphenylphosphite
(97%) were purchased from Aldrich Chemical Co. Phenyl
ether (99%), Benzyl ether (98%), oleylamine approxi-
mate C18 content 80-90% (97%), iron(III) acetylacetonate
(99+%), were purchased from Acros Organics. Rhamnose
was purchased from Benn Chemicals.

2.2. Preparation of Cobalt Ferrite Nanoparticles
Non stoichiometric cobalt ferrite nanoparticles were syn-
thesized by adopting the experimental conditions of the
procedure previously reported by Sun et al.'” Samples
of different size, d, and cobalt content, x, were obtained
by changing the experimental parameters. The final prod-
ucts were denoted as Co,Fe-d. As a typical example,
to obtain Co,sFe-4 nanoparticles, Fe(acac); (2 mmol),
Co(acac), (1 mmol), 1,2-hexadecanediol (10 mmol), oleic
acid (6 mmol), oleylamine (6 mmol), and phenyl ether
(20 mL) were mixed and magnetically stirred under a
flow of argon. Nanoparticles were obtained in inert atmo-
sphere by a two-step heating procedure, first at 200 °C for
30 min and then, at reflux (at 265 °C) for 30 min. Once
the solution was cooled down to the ambient temperature,
40 mL of ethanol was added to precipitate the nanoparti-
cles, which were separated by centrifugation (15000 rpm,
10 min). Then, the supernatant was removed and the pow-
der dispersed in hexane. Another centrifugation (5000 rpm,
5 min) was performed to remove any undispersed residue.
Finally, a last washing was realized by adding ethanol and
making centrifugation (15000 rpm, 10 min). The synthesis
permits to obtain 170 mg of a black powder soluble in hex-
ane (yield: 25%). Co,,Fe-6 and Co,;Fe-6 were obtained
with the same procedure and in the same yield but using
20 mL and 10 mL of benzyl ether, respectively.
Stoichiometric cobalt ferrite nanoparticles (Co,Fe-4,
Co, Fe-6, Co,Fe-10) were obtained by adapting the proce-
dure proposed by Hou et al. for the wiistite nanoparticles.?
To prepare Co,Fe-10 nanoparticles, 1.4 g of Fe(acac),
(4 mmol) and 0.6 g of Co(acac), (2.30 mmol) were mixed
with oleic acid (10 mL) and oleylamine (10 mL), then

2

a preliminary heating step of 2 hours at 100 °C under
a partial vacuum was applied. Under argon atmosphere,
two heating steps at 200 °C for 30 min and the second at
280 °C for 30 min were done. Co,Fe-4 nanoparticles were
obtained by mixing 8 mL of oleic acid and 12 mL of oley-
lamine. With the same procedure as Co,Fe-4, the Co,Fe-6
nanoparticles were obtained by increasing the preliminary
heating step from 100 °C to 130 °C. The washing pro-
cedure was the same as described previously. The syn-
thesis of magnetite reference samples, Co,Fe-4, Co,Fe-6
nanoparticles was performed as previously described."”

2.3. Functionalization of Cobalt Ferrite Nanoparticles
The functionalization of nanoparticles by a rhamnose
derivative was operated in two steps as previously
described for magnetite nanoparticles.'”>*  Briefly,
0.46 mmol of oleic acid/oleylamine-coated iron-based
oxide nanoparticles and 0.78 mmol of rhamnose were
dissolved in anhydrous THF (5 mL). The mixture was
magnetically stirred under argon to reflux for 48 h. Under
standard conditions, pentane (30 mL) was added to the
mixture, and the solid was precipitated and separated via
centrifugation. The product was dissolved in hexane and
the undispersed residue was removed by centrifugation
(120000 rpm, 10 min). The solution was then precipitated
with ethanol (40 mL) and separated via centrifugation.
Then, 0.2 mmol of the nanoparticles obtained in the first
step was dissolved in a solution of ammonia methanol
2 M (10 mL). The solution was magnetically stirred under
argon at ambient condition for 4 h. Dichloromethane
(30 mL) was then added to the mixture, and the solid
was precipitated and separated via centrifugation. The
washing procedure consisted in resuspension of the solid
product in hexane and its precipitation in ethanol. Then,
a centrifugation cycle (120000 rpm, 10 min) was applied
twice.

2.4. Characterizations

Samples for Transmission Electronic Microscopy (TEM)
measurements were prepared by depositing a drop of
an ethanol solution of the nanoparticles on the carbon
coated copper grids. The measurements were carried out
with a microscope JEOL 1200 EXII operated at 100 kV.
The size of the nanoparticles was statistically determined
over a large number of units (200-300) using SigmaPro
Scan software which provides the mean diameter and
the polydispersity of the ensemble. The average hydrody-
namic diameter, d,,;, and its dispersion were determined by
Dynamic Light Scattering (DLS) performed by Malvern
High Performance Particle Sizer operating at 635 nm. The
decay of the correlation function was fitted by a cumu-
lant function. IR spectra were recorded by using a Perkin
Elmer 1600 spectrometer with a 4 cm™! resolution. Sam-
ples were prepared as pellets in a KBr matrix. KBr was
stored in oven and pellets pressed under vacuum to mini-
mize water traces. Elemental analyses were performed by
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the Service Central d’ Analyse (CNRS, Vernaison, France).
The samples were heated at 3000 °C under He, the oxygen
was transformed in CO and detected by using an IR detec-
tor. An evaluation of the Fe/P ratio was also performed by
using an Environmental Secondary Electron Microscope
FEI Quanta 200 FEG coupled with an Electrons Disper-
sive Spectroscope Oxford INCA detector. Powder X-ray
diffraction patterns were measured at room temperature on
a PanAnalytical diffractometer equipped with an ultra-fast
X’celerator detector X pert Pro with Nickel-filtered copper
radiation (1.5405 A) and on a Bruker D8 Advance diffrac-
tometer equipped with Cu Ko radiation and operating in
0-20 Bragg Brentano geometry at 40 kV and 40 mA.
Magnetic measurements were collected with a Quantum
Design MPMS-XL SQUID magnetometer working in the
temperature range of 1.8-300 K and in the magnetic field
range of 0-50 kOe. Zero Field Cooled (ZFC)/Field Cooled
(FC) magnetizations were acquired with a 5 mT probe field
after cooling the sample with (FC) and without (ZFC) the
field applied.

2.5. Evaluation of Magnetothermal Properties

The evaluation of the heat generation capability was per-
formed with an in-house built magnetothermal setup based
on a Nova Star 5 kW® (Ameritherm Inc.) generator. A so-
lution of rhamnose-coated magnetic nanoparticles was put
in a thermic insulating support inside the induction coil
and the temperature was measured with a VR18_CR® dig-
ital temperature recorder (Ceam Group) connected to an
optical fiber directly dipped into the sample. The study
was performed with 300 uL of a 20 mM suspension
of nanoparticles. Frequency and amplitude of the applied
alternating magnetic were f = 168 kHz and H =21 kA/m.
Heating capability was estimated by the Specific Absorp-
tion Rate (SAR) evaluated from the initial slope (d7/dr)
of the measured kinetic temperature curve, 7(¢), by using

the following formula:
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where m, is the total mass of the metal, c; is the specific
heat and m;, the mass of the i-th species in the solution.

3. RESULTS AND DISCUSSION

3.1. Synthesis of Rhamnose Functionalized Cobalt
Ferrites Nanoparticles

The synthesis of the rhamnose-functionalized Co,Fe;_ O,
(with 0 < x < 1) nanoparticles was performed using a
three-steps approach shown in Figure 1, we previously
used for the synthesis of magnetite nanoparticles.'”?* The
first step consists in the synthesis of oleic acid/oleyl
amine coated Co,Fe;_,O, nanoparticles using the well-
known flash decomposition synthesis giving nanoparti-
cles with a narrow size distribution and high crystallinity.
Note that non-stoichiometric cobalt ferrite nanoparticles
were obtained with phenyl or benzylether as solvent,
1-2 hexadecanediol as the reducing agent and the oleic
acid/oleylamine mixture as stabilizing agents, while sto-
ichiometric cobalt ferrite nanoparticles were obtained
when the oleic acid/oleylamine mixture was used both
as the stabilizing agent and the solvent. The as-obtained
nanoparticles are well dispersible in hexane. To transfer
these nanoparticles in water, a ligand exchange was per-
formed in the second step by using a rhamnose deriva-
tive with a phosphonate anchoring function. The rhamnose
derivative functionalized with a phosphonate coordina-
tive moiety replaces the oleic acid/oleyl amine at the
nanoparticles’ surface with a covalent anchoring. The third
step is the deprotection of the rhamnose part of the
ligand in the mixture MeOH/NH; to obtain rhamnose-
functionalized nanoparticles, denoted as Rha{Co, Fe-Size}
(Table I) where x is the content of Co.

The effectiveness of the ligand exchange is confirmed
by the final solubility of the nanoparticles in water and
is verified by Fourier-transform Infrared Spectroscopy.
After functionalization, an appearance of the character-
istic vibration bands of the carbohydrate derivative was
observed, i.e., the broad band centered at 1050 cm™',
which is attributed to the »(P-O-Fe), »(COC) and

OAc
OAc
10} OAc
0~
OAc MeOH/NH;
OAc
o szo Oz 0aAc 3
/
— OAc

OAc

© OAc

OAc

Schematic representation of the synthesis of rhamnose-functionalized Co, Fe,_,O, nanoparticles.
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Table I. Structural characterization and magnetic properties in DC mode of Co Fe;_ ,O, nanoparticles. x, cobalt content obtained from elemental
analysis; (dy), mean particle size and o, polydispersity statistically obtained from TEM images; (dygp), mean particle size from XRD pattern by
using Debye-Sherrer formula on the (311) diffraction peak (the accuracy of the fitting parameter estimation induces errors on {dyg,) largely within
10% for all the samples); d;;, hydrodynamic diameter obtained by DLS. 7, ~ T, maximal temperature of the ZFC curve, identified with the blocking
temperature, T, of the systems. M,/Mj, reduced remnant magnetization; u,H, coercive field; My, saturation magnetization at 2.5 K; K, anisotropy
constant, obtained from the hysteresis loop at 2.5 K; and SAR, specific absorption rate. Errors on M value are principally due to cobalt and iron assay
(precision of 5%), the accuracy on the magnetic quantities indirectly evaluated (7,,,,, H, and K) can be estimated within 1%. The accuracy of the SAR
values can be roughly estimated from the initial slope linear fit and iron and cobalt assay quality as large as 10 % for low value and 5% for high value.

M (T) M (H) at 2.5 K
(drem) (dxrp) dy T My /M MoHe M (error)/ K x10° SAR
x (o)mm  (error)/nm  (error)/nm  (error)/K (error) (error)/T A-m?-kg'  (error)/J-m>  (error)/W/g

Rha{Co,Fe-4)  0.00 4.1 (0.15) 45(0.5)  82(1.3)  17(1) 026 (0.01) 0.036 (0.001) 96 (5) 0.24 (0.01) 0 (1)
Rha{Co,sFe-4} 0.53 4.5(0.20) 4.7(0.5) 10.0(2.7) 183(2) 0.73(0.01)  1.48 (0.02) 67 (4) 5.6 (0.1) 6 (1)
Rha{Co,Fe-4}  1.00 4.8 (0.17) 45(0.5) 102(1.8) 213(2) 0.83(0.01) 1.53(0.02) 56 (3) 4.9 (0.01) 21 (3)
Rha{CoyFe-6}  0.00 6.7 (0.12) 6.7(0.7) 104 (1.5) 58 (1) 0.37 (0.01) 0.041 (0.001) 94 (5) 0.23 (0.01) 2 (1)
Rha{Co,,Fe-6} 031 75(0.17) 7.2(0.7) 14.1(27) 260 (3) 091 (0.01) 181 (0.02) 78 (4) 8.0 (0.1) 44 (5)
Rha{Co,,Fe-6} 038 6.8(0.22) 7.1(0.7) 13.2(3.3) 314(4) 0.83(0.01) 2.08 (0.03) 81 (5) 9.5(0.1) 22 (3)
Rha{Co,Fe-6}  1.00 58(0.21) 55(0.6) 125(2.1) 259(3) 0.82(0.01) 161 (0.02) 79 (4) 73 (0.1) 32 (4)
Rha{Co,Fe-10} 1.00 9.7 (0.22) 10 (1) 18.1 (5.4) / 0.86 (0.01)  1.86 (0.02) 76 (4) 8.0 (0.1) 232 (12)

v(CH,,.) elongations. The characteristic broad band at
570 cm™!, attributed to ¥(Fe—O) bands of Co Fe; ,O,, was
preserved during the three steps indicating that the struc-
ture of Co Fe;_ O, after the carbohydrate anchorage and
deprotection remained unchanged.

TEM images of the obtained nanoparticles are shown
in Figure 2. The average diameter, {dpy), and the stan-
dard deviation, o, of the magnetic cores are summarized in
Table I. Each sample shows nanoparticles with a spherical-
like shape and o less than 22%.

The powder X-ray diffraction patterns (XRD) within
the range of 260 = 20-70° are shown in Figure 3. All
diffractograms exhibit diffraction peaks indexed as (220),
(311), (400), (422), (511) and (440) reflections, character-
istic of the spinel structure of ferrite. The mean diameter

Rha{Co,sFe-4}

Rha{Co,Fe-4}

Rha{Co,Fe-6}

Rha{Co,;Fe-6}

Figure 2.

4

of crystalline domains, {dygp), estimated by the Debye-
Scherrer formula and reported in Table I, is in good agree-
ment with d,, evidencing the high crystallinity of all
the samples. The hydrodynamic diameters of the nanopar-
ticles, dy, determined by DLS are larger than digy, as
expected, but less than or similar to 2 dyg, for most of
the samples proving the good dispersion (no magnetic core
aggregation) of nanoparticles in water. The cobalt con-
tent (x) was obtained by elemental analysis and indicated
in Table I.

3.2. Magnetic Properties

Temperature dependence of the ZFC/FC magnetization
curves measured in solution are presented in Figures 4(A)
and (C) for the nanoparticles with size of 4 nm and

Rha{Co,Fe-4}

Rha{Co,,Fe-6}

Representative TEM micrographs of Co,Fe,_ O, nanoparticles. The scale bar, reported in the last image, is the same over the series.
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Figure 3. X-ray diffraction patterns within the range of 26 (20-70°) of
Co,Fe,_ O, nanoparticles. The higher background of Rha{Co,;Fe-6} is
due to a larger amount of organic coating present in the sample.

6-nm, respectively. In both series, a significant increase
of T, the temperature at which the ZFC curve achieves
its maximum, is observed for samples doped with Co**
in comparison with magnetite nanoparticles of the same
size, and, except for Rha{Co,Fe-6}, it increases upon
Co content. Moreover, for stoichiometric cobalt ferrite
samples, T, value raises with increasing size. Both

max
trends are expected since 7,,,, is commonly associate with

the blocking temperature, 7, of the nanoparticle sys-
tem, which is proportional to mean anisotropy barrier,

A 20
1.5
o
3
£ 1.0 .
g ! »
> |
0541 . ™
A/
"
14
f./a _/_/-",
0.0 g™ : : :
0 50 100 150 200 250 300
T(K)

C | —~—Rha{CosFe-4} —— Rha{Co, sFe-4}
- Rha{CoyFe-4}

1.0 1

0.5 1

0.0

M/Mg

-0.5 4

-1.0 1

ie., Ty ~ KV, K being the anisotropy energy constant
and V the mean nanoparticle volume. Since the volume
is kept roughly constant within each series, the anoma-
lous T for Rha{Co,Fe-6}, which is lower than that of
Rha{Co, ,Fe-6}, might suggest a non-monotonous behav-
ior of K in the 6 nm series.

The FC/ZFC curves of Rha{Co,;Fe-6} and
Rha{Co,Fe-6} present a jump around room temperature,
due to the sudden activation of the Brownian motion at
the water defreezing point that favors the alignment of
the particle moments. This process, mainly relevant if T
is close to the defreezing temperature, has been inhibited
for Rha{Co,,Fe-6}, which has been measured as dried
pellet, in order to clearly observe the ZFC maximum.
The Rha{Co,Fe-10} sample does not present a maximum
in the ZFC curve (data not shown) suggesting that this
sample, unlike the others, is not in the superparamagnetic
regime in the experimental range of temperature (up to
350 K).

The magnetization as a function of the applied mag-
netic field was measured at 2.5 K in frozen solution and
presented in Figures 4(B) (4 nm series) and (D) (6 nm
series). All samples exhibit a hysteretic behavior that indi-
cates that they are blocked at this temperature, as expected,
but samples containing Co show a much larger coerciv-
ity. The coercive field w,H., indeed, suddenly increases
from 0.004 T for x = 0 (magnetite) to 1.5-2.1 T for x #0

B 20

Mnormalized

0.0 T

100 150 200 250 300
T(K)

D | - Rha{CosFe-6} —=— Rha{Co 4Fe-6}
—=— Rha{Co, sFe-6} —=— Rha{Co,Fe-6}

1.0
/
0.5 1 i
0 i
2 00 £
= i
,-//
—0.5 /
—1.0 4= z ,.z!:'l'!---

HoH (T)

Figure 4. Experimental data from DC magnetic measurements of Rha{Co Fe,  O,} nanoparticles. ZFC/FC curves performed in solution for series
with mean diameter ca. 4 nm (A) and 6 nm (B). Hysteresis loops for the series of Co Fe,_ O, nanoparticles of 4 nm (C) and 6 nm (D) performed in

frozen solution at 2.5 K.
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(cobalt ferrite). For stoichiometric cobalt ferrite nanopar-
ticles (x = 1) the value of u H. increase with the size
of nanoparticles from 1.53 to 1.86 T. It is interesting to
note that for 6 nm series w,H, value is not maximal for
the stoichiometric structures but for intermediate doping
levels (x = 0.4). We remind that the same trend with Co
content is observed for Ty (7). Since both quantities
moHe and Ty strongly depend on the effective anisotropy
of the nanosystem, we evaluated K, from the low tem-
perature woH. using relationship, H. = 0.96(K /Ms)[1 —
(T/T)]*77, where Mg is the saturation magnetization.?> %
All magnetic data in DC mode are reported in Table I. For
magnetite nanoparticles, K values ca. 2 x 10* J-m~ are
obtained, in agreement with the corresponding bulk value
(1.3 x 10* J-m~3).%" For cobalt ferrite nanoparticles, K val-
ues are in the range (4.9-9.5) x 10° J-m~3, which is higher
than that of the bulk material (2 x 10° J-m~*),”” but con-
sistent with the values observed for nanoparticles.'!:2%26:28
As supposed, the K values show a trend similar to those of
moH¢ and Tj. Such a non-monotonous trend of K with Co
doping level is coherent with previous results obtained by
some of us on samples of Co-doped magnetite of 5 nm.?

For samples with cobalt ions (x > 0), an increase of the
reduced remnant magnetization, M,/M, is observed up
to 0.7-0.9. These values are typically observed in the case
of cubic anisotropy, for which M,/Mg value is theoreti-
cally foreseen equal to 0.83.% It is important to note that

0,018
0,015
c) =
S 0,012 - =
€
S 0,009 2
: =)
= 0,006 - =
0,003 { 43¢
0,000
C 0,006 0,030
0,005 40,025
S 0,004 1 10020 =
3 ! ©
E 0,003 0015 ¢
~ %, | c
. 0,002 ] 0010 &
0,005
0,001 - =
0,000
0,000

a stoichiometric structure of cobalt ferrite (x = 1) is not
needed to observe a cubic anisotropy.

In order to investigate the relaxation dynamics of these
samples, the temperature dependence of the in-phase (x’)
and the out-of-phase (y”) components of the magnetic
susceptibility were measured in AC mode for eight fre-
quencies, f, logarithmic spaced in the 0.1-1000 Hz range.
Samples Rha{Co,,Fe-6} and Rha{Co,Fe-10} were not
measured as their 7, is higher than 300 K. As typical
example, the AC susceptibility curves for Rha{Co,Fe-6}
and Rha{Co,Fe-4} samples are shown in Figures 5(A)
and (B), respectively.

As a first approximation, the frequency dependence
of the ac susceptibility was fitted according to the Néel
model, which relates the blocking temperature with the
observation time, 7, as: 7 = 7,exp(E,/kzTy), where E, =
KV is the energy barrier and 7, the attempt time. The
linear curves of Figures 5(C) and (D) are obtained by
plotting the observation times T = 1/27f versus the
inverse of the blocking temperatures obtained from the
x” maxima recorded for different frequencies. The best
fit parameters E, and 7, values are listed in Table II. For
magnetite samples (x = 0), 7, is in the 107°-1071? s~!
range, indicating a pure superparamagnetic behavior of
isolated nanoparticles. For Co?>* doped samples, a dra-
matic decrease of 7, was observed. According to the most
common explanation, this feature can be associated to the

_2 B L)
—4 °
=
Q
T -6+
)
_8
0016 0018 0020 0,022
1T (K
D 1/(T-Ty) (K™
8.008 0.009 0.010 0.011 0.012
5] '\ N
¥
—4 <
2
= 61 o
< 10
—12 1
—14 1
-16 T T T
0.002 0.004 0.006 0.008 0.010
1T (s7)

Figure 5. AC measurements for two samples of Rha{Co Fe;_ O,} nanoparticles. In phase, x’, and out-phase, x”, components of AC susceptibility
measurement for (A) Rha{Co,Fe-6}, and (C) Rha{Co,Fe-4} samples performed with 8 logarithmic spaced frequencies from 0.1 to 1000 kHz. Linear
plot of In(27f) versus 1/7,,, for (B) Rha{Co,Fe-6} and (D) Rha{Co,Fe-4} samples according to the Néel (dark), the Vogel-Fulcher (grey) and Torres

et al. (red) model.
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Table II. Magnetic data obtained applying Arrhenius and Vogels-Fulcher models to AC measurement data. 7,, attempt time (values in the 107°-107" s
range are foreseen for non-interacting nanoparticles in a pure superparamagnetic regime); E,/k;, energy barrier; T, temperature of a spin-glass-like
transition and B, parameter to account for K, temperature dependence, as reported in work of Torres et al.>!

Arrhenius plot

Vogel-Fulcher plot

Torres model

7y (3) E,/ky (K) 7y () E,/ky (K) T, (K) 7 () E,/ky (K) B (K™)
Rha{Co,Fe-4} 1.1x 107" 337 / / / / / /
Rha{Co, sFe-4} 8.6x 107" 6336 1.88 % 10712 2242 71 1.7% 107 8600 6x107°
Rha{Co, Fe-4} 9.6x107% 8600 2.05x 107" 2142 100 25%x 1077 10 600 4x107°
Rha{Co,Fe-6} 1.3x107" 1325 / / / / / /
Rha{Co, ;Fe-6} 6.0x 107 20141 1.50 x 10712 1384 180 7.5%x 1077 171 300 7x107°
Rha{Co, ,Fe-6} / / / / / / / /
Rha{Co, Fe-6} 52x107% 19461 1.56 x 107" 2034 198 5x107° 207 400 6x107°
Rha{Co, Fe-10} / / / / / / / /

presence of dipolar interaction among the nanoparticles.
To test this assumption, the experimental data were fit-
ted with the Vogel-Fulcher law (VF),*® which includes an
additional parameter, i.e., a spin-glass-like transition tem-
perature 7;, to account for interactions (Table IT). The
VF results for Co doped samples show 7, in the 10~°—
107" s~! range, and relatively high T, values which are
indicative of strong dipolar interactions, although mea-
surements have been performed in solution. Since dipolar
interaction essentially depends on the magnetic moment
of the single nanoparticles and on the distance among
them, this result implies that Co doped nanoparticles are
closer each other’s than magnetite ones, being the mag-
netic moment of the latter higher than that of the first
ones. As the presence of a larger number of aggregates
in the Co doped samples cannot be proved experimentally
and cannot easily justified, we also considered a differ-
ent approach to explain the unphysical values of 7, based
on the model suggest by Torres et al.,*! who proposed to
fit the experimental data to the Arrhenuis law where the
anisotropy constant K depends on the temperature. In this
case, an additional parameter, B, is introduced, to account
for the temperature dependence of K. Despite the assump-
tions of this model seem more reasonable in our case, the
7, values are not completely satisfying, as they are more
than two orders of magnitude higher than the expecta-
tions (Table II). Moreover, the values of the energy barrier
and thus of the effective anisotropy constant, K ., =E,/V,
are extremely high and, contrary to the expectations, tend
to increase for larger particles (K, ~ 1 —3 x 107 J/m?
for Rha{Co,(Fe-6} and Rha{Co,Fe-6}, respectively). We
must remark, however, that the difficulties in finding a sat-
isfying model derives both from our systems, which, due
to the high nanoparticle concentration, cannot be consid-
ered as merely non-interacting, and from the limited fre-
quency range we can explore to provide experimental data
to test the proposed fitting laws.

3.3. Heating Capabilities
Calorimetric measurements were carried out under an
alternating magnetic field of amplitude H =21 kA/m and

J. Nanosci. Nanotechnol. 19, 1-8, 2019

frequency f = 168 kHz. The SAR values obtained for the
investigated series of cobalt ferrite nanoparticles are pre-
sented in Table I. In comparison with magnetite nanopar-
ticles (x = 0) for which no temperature rise is observed,
a heat generation is recorded even for small sizes of cobalt
ferrite nanoparticles. Indeed, SAR values are 6 W-g~! and
21 W-g~! for Rha{Co,sFe-4} and Rha{Co,Fe-4}, respec-
tively. SAR values do not follow a linear evolution with
Co content. Indeed 2, 44, 22 and 32 W/g are observed for
6 nm series for x =0, 0.3, 0.4 and 1, respectively. This
trend may be correlated with the evolution observed for
the anisotropy constant (Table I), which is higher for inter-
mediated values of x. However, SAR of Rha{Co,,Fe-6}
is less than the sample where x = 0.3 although its
anisotropy constant is higher. This fact can be partially
explained by smaller size and the higher polydispersity
of Rha{Co,,Fe-6} compared to Rha{Co,;Fe-6}. For sto-
ichiometric cobalt ferrite nanoparticles, an increase of the
SAR values with size, from 21 W-g~! for Rha{Co,Fe-4}
to 232 W-g~! for Rha{Co,Fe-10} is observed. The SAR
value of 232 W-g~! obtained for Rha{Co,Fe-10} with a
frequency/field of 168 kHz/21 kA/m shows undoubtedly
the best heat capacity of the all the investigated samples.

4. CONCLUSION

In this work, we designed water dispersible rhamnose-
functionalized cobalt ferrite Co Fe,_ O, nanoparticles of
different size (from 4 to 10 nm) having different Co**
content (x =0 — 1) by using a three steps approach and
adapting the experimental conditions. The solubility of
these nanoparticles in water is possible thanks to the
rhamnose derivative functionalization through the phos-
phonate anchoring functions; the latter covalently attached
the rhamnose moiety to the nanoparticles surface. The
nanoparticles present a high crystallinity (diameters esti-
mated by TEM and XRD are similar), a narrow size dis-
tribution and they keep their cobalt ferrite structure after
rhamnose grafting. The investigation of the magnetic prop-
erties indicates that the doping of ferrite spinel structure
with Co?* ions induces an important increase of magneto-
crystalline anisotropy by a factor of about 30 compared

7



Water Dispersible Carbohydrate-Coated Ferrite Nanoparticles

Lartigue et al.

to analogue magnetite nanoparticles of similar size. How-
ever, as previously reported, the maximum increase of the
anisotropy constant K is not achieved for stoichiometric
cobalt (x = 1), but for intermediate level of cobalt dop-
ing. Samples with x # 0 present strong dipolar interactions
even if the nanoparticles are dispersed in solution. Finally,
an increase in Co?" contain and/or in size leads to improve
the magneto-thermal properties of the nanoparticles. Sam-
ple Rha{Co,Fe-10} shows the best heating properties with
a SAR of 232 W/g under an alternating magnetic field of
f =168 kHz and H =21 kA -m~!. The obtained results
show that cobalt ferrite nanoparticles present an important
potential as hyperthermia agents.
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