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A facile one-pot solvothermal method was developed for the synthesis of carboxylic functionalized
MFe,O, (M= Mn, Co, Zn) nanospheres. Field-emission scanning electron microscopy, X-ray powder
diffraction, Fourier transform infrared spectrometer, and a superconducting quantum interference
device magnetometer were used to characterize the morphologies, compositions and properties of
the functionalized materials. Results show that all of the products were cubic spinel structures and
exhibited hierarchical sphere-like morphologies, which were composed of primary nanocrystals. The
MFe,O, present advantageous functionality and good water dispensability due to the preferential
exposure of uncoordinated carboxylate groups on their respective surfaces. These properties make
them ideal candidates for various important applications such as drug delivery, bioseparation, and

magnetic resonance imaging.
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1. INTRODUCTION

In recent years, magnetic materials have enabled tremen-
dous advances in the development of powerful tools
for separating, detecting and loading targets of var-
ious interests in scientific research and technological
applications.”™® In particular, iron oxide-based magnetic
materials have been extensively pursued in bio-field due
to their magnetic and low toxicity properties.'*??> As we
all know, these biomedical applications require the func-
tionalization of magnetic nanomaterials with biocompati-
ble molecules to stabilize them and make them dispersible
in aqueous solutions.?" 2% One of the strategies is the use
of bifunctional ligands in ligand exchange reactions, where
one functional group (i.e., carboxylic groups) is bonded
to the surface of the materials while the other stabilizes
the materials by electrostatic interaction (i.e., phosphate-,
thiol-, or amine-functional groups).>’* Another is coating
technology, which fabricate a biocompatible layer at the
surface of magnetic materials.'2%3%37 These processes
were usually effective but often involved sophisticated
multi-steps and tend to be time consuming, which poses a
hindrance for practical application. Thus there is an urgent
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need to develop efficient and facile routes for the fabrica-
tion of functionalized magnetic materials.’$*°

In this work, a facile solvothermal method was
developed for the rapid synthesis of the carboxylic-
functionalized MFe,O, (M = Mn, Co, Zn) nanospheres.
Various technologies were used to characterize the mor-
phologies, compositions and properties of the functional-
ized MFe,0,. The robust surface modification, high water
dispensability, and good magnetic properties make these
nanospheres ideal candidates for various applications such
as drug delivery, bio-separation, and magnetic resonance
imaging. Based on this strategy, magnetic materials dec-
orated with other functional groups (e.g., sulfhydryl) can
be easily obtained by replacing functional agents.

2. MATERIALS AND METHODS

2.1. Materials

Poly acrylic acid (PAA, 35%, w/w in water, MW =
100,000) were purchased from Sigma-Aldrich. MnCl, -
4H,0, CoCl, - 6H,0, ZnCl,, anhydrous sodium acetate
(NaAc), ethylene glycol (EG) and other chemical reagents
were obtained from Nanjing Chemical Reagent Co., Ltd.
All chemicals were directly used as received without fur-
ther purification.
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2.2. Fabrication of the Carboxylic
Functionalized MFe,O,

1.67 mmol Mn?** (or Co**, or Zn**) and 3.33 mmol Fe**
were dissolved in 39 mL of EG solution with stirring to
form a clear solution, followed by the addition of 1 ml
of PAA and 40 mmol of anhydrous NaAc. The mixture
was ultrasonic vigorously to give a homogeneous solution.
Then the solution was sealed in autoclaves and for treat-
ment at 200 °C for 12 hours. The solid products were
collected by magnetic separation and washed at least three
times with water and ethanol, then dried under vacuum at
room temperature.

2.3. Characterization

Field emission scanning electron microscopy (FE-SEM)
images were obtained using Hitachi S-4800 field emis-
sion electron microscope at an accelerating voltage of
5 kV. X-ray powder diffraction (XRD) measurements were
performed on a Japan Shimadzu XRD-6000 diffractome-
ter with Cu Ko radiation (A = 0.15418 nm); A scanning
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Figure 2. XRD patterns of the obtained MFe,O, (M = Mn, Co, Zn)
nanospheres: MnFe,0, (a); CoFe,O, (b); and ZnFe,O, (c).

rate of 0.05 deg s~' was applied to record the pat-
terns in the 26 range of 20-70°. The FTIR spectra were
recorded on a Nicolet 6700 Fourier transform infrared
spectrograph in the wavenumber range of 4000-400 cm~'.
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Figure 1. Typical SEM images of the obtained MFe,O, nanospheres: MnFe,O, (a), (b); CoFe,O, (c), (d) and ZnFe,O, (e), ().
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Figure 3. FTIR spectra of pure PAA (d) and obtained MFe,O, (M =
Mn, Co, Zn) nanospheres: MnFe,0, (a); CoFe,O, (b); and ZnFe,O, (c).

Table I. Zeta potential data of the MFe,O,.
MFe, O, MnFe,0, CoFe,0, ZnFe,0,
¢ potential/mV —353 —33.6 —33.7

Superconducting quantum interference device (SQUID,
Quantum Design) magnetometer was used in the magnetic
measurement at 300 K.

3. RESULTS AND DISCUSSION
The size and morphology of the as-prepared product were
determined by SEM. As shown in Figure 1, all of the three
products show an excellent monodispersity and a well-
defined uniform spherical shape on a large scale. Statistical
analyses indicate that the particles have an average diam-
eter of about 300 nm. The high-resolution SEM images
demonstrate that these nanospheres exhibit a hierarchical
structure and consist of many primary nanoparticles.

The crystal structures of these products were studied
by XRD analysis. As shown in Figure 2, all diffraction
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peaks and positions match well with their respective stan-
dard cubic spinel structures of MnFe,O, (No. 74-2403),
CoFe,0, (No. 22-1068), and ZnFe,O, (No. 22-1012),
respectively.

FTIR spectra were applied to detect the species on
the surface of the hierarchical nanospheres. The FTIR
spectrum of pure PAA (curve (d) in Fig. 3) present a
strong peak at 1719 cm~!, which was assigned to the car-
bonyl stretching mode for the protonated carboxyl groups
(COOH); but this peak is negligible in the spectra of
the MFe,O, (other curves in Fig. 3). The IR peaks at
1564, 1452 and 1405 cm™! could be assigned to the vibra-
tion of symmetric C—O stretching, CH, bending, and
asymmetric C—O stretching, respectively; all of which
are characteristic bands of carboxylate (COO™) groups.
With these evidences, it could be concluded that the sur-
faces of the MFe,O, nanospheres were mostly carboxylate
groups (COO™) rather than protonated carboxyl groups
(COOH),****! The conclusion was further confirmed by the
measurements of zeta potential. All of the products display
abundant negative surface charges (Table I). The relatively
high charge densities ensure them high dispersion in aque-
ous solutions for several days at appropriate concentration.

The magnetic properties of as-prepared ferrites micro-
spheres were investigated with a SQUID magnetome-
ter. Figure 4 presents the magnetization curves measured
at 300 K for the obtained MFe,O, nanospheres. The
saturation values are 66.9, 66.1 and 64.5 emu g‘1 for
MnFe,0,, CoFe,0, and ZnFe,O,, respectively. It is worth
mentioning that remanence and coercivity were almost
undetectable in the enlarged curves for MnFe,O, and
ZnFe,O, (Fig. 4(b)), indicating that the MnFe,O, and
ZnFe,0, products possess superparamagnetic properties at
room temperature. It is believed that the threshold size
of the ferrites is about 15 nm for the transition from
superparamagnetism to ferromagnetism.*> The superpara-
magnetic properties further confirmed that the MnFe,0,
and ZnFe,O, spheres were made up of smaller primary
nanocrystals. Whereas the primary nanocrystals of the
CoFe,0, product were larger than the critical size, and
thus CoFe,O, presents a ferromagnetism behavior with a
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Figure 4. Magnetization curves of the obtained MFe,O, nanospheres (a), the data around zero field with an expanded scale ranging from —1000 to

1000 Oe (b).
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Figure 5. SEM images of the MnFe,O, obtained in the absence of
PAA. (a) x 10,000; and (b) x 200,000.

typical hysteresis loop with the remanence of 15.4 emu g~!
and the coercivity of 267 Oe.

To investigate the effect of PAA, the MnFe,O, prod-
uct was synthesized in the absence of PAA as an exam-
ple. Results show that their morphology did not change so
much in the reaction system (Fig. 5), but the crystal size
of the primary units were larger than those in the typical
experiment. It could be presumed that PAA, not only as the
functional agent but also as the stabilizing agent, regulated
the size of the primary unit via coordination interaction.
Based on this strategy, the demonstrated benign approach
could be extended to the fabrication of other hierarchi-
cal magnetic materials functionalized with desired groups
(e.g., sulfydryls, amines), which would find widespread
technological and biological applications.

4. CONCLUSIONS

In summary, A facile and robust strategy was devel-
oped for controlling synthesis of the carboxylic functional-
ized MFe,O, (M = Mn, Co, Zn) nanospheres via one-pot
solvothermal method. They exhibited hierarchical sphere-
like structures, which were composed of primary nano-
crystals. They present advantageous functionality and good
water dispensability due to the preferential exposure of
uncoordinated carboxylate groups on their respective sur-
faces. This work provides a new insight into the prepara-
tion of the functionalized ferrites, which would have great
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potential not only in advanced optical-electronic materials
and ferrofluids, but also in biomedicine and biotechnology.
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