Matir

.y
W

0TRRy

(el

Tap chi Khoa hoc va Céng nghé 54 (1) (2016) 123-132
DOI: 10.15625/0866-708X/54/1/6018

ONE STEP SYNTHESIS OF WATER-DISPERSIBLE CoFe,0,
MAGNETIC NANOPARTICLES USING
TRIETHYLENETETRAMINE AS SOLVENT AND STABILISING
LIGAND

Kieu T. B. Ngoc', Pham V. Luyen’, Nguyen C. Khang', Pham H. Nam®,
Do H. Manh®, Pham V. Vinh?, Pham V. Hung?, Le T. Lu®*

!Nano Center-Hanoi University of Education, 136 Xuan Thuy, Cau Giay, Hanoi
Faculty of Physics, Hanoi University of Education, 136 Xuan Thuy-Cau Giay, Hanoi
3Institute of Materials Science-VAST, 18 Hoang Quoc Viet, Cau Giay, Hanoi
“Institute for Tropical Technology-VAST, 18 Hoang Quoc Viet, Cau Giay, Hanoi

*Bmail: Itlu_itims@yahoo.com

Received: 30 March 2015; Accepted for publication: 12 July 2015

ABSTRACT

Magnetic CoFe,O, nanoparticles were synthesised by one step synthetic method through
thermal decomposition of Co and Fe precursors in triethylenetetramine solvent at high
temperature. The advantage of this method is the ability to make monodisperse nanoparticles
with high water-dispersibility and stability. The particle size can be tuned in the range of 7-11.3
nm by varying synthetic conditions. The obtained particles with small DLS size (less than 21
nm) are ready to disperse and stable in aqueous solution for weeks without any surface
modification.
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1. INTRODUCTION

Magnetic nanomaterials have wildely received attentions due to their diverse applications
in the fields such as information technology [1], environmental treatment [2], catalysis (3, 4] and
particularly in biomedicine [5). In biomedicine, the magnetic nanoparticles can be used for
biological separation, targeted drug delivery, or as contrast enhancers for magnetic resonance
imaging (MRI) [6]. To date, synthetic strateries of nanoparticles in organic solvents at elevated
temperatures under the presence of hydrophobic surfactant(s) are widely used for their ability to
prepare monodisperse nanoparticles with good control over the size, shape and
monodispersibility [6, 7). However, as the hydrophobic nature of the surfactants, nanoparticles
prepared by these techniques disperse only in no-polar solvent, which hinder them for biological
applications. Transfering these hydrophobic particles into aqueous solution is still a major
challenge.
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Recently, several studieshave introduced a new approach for the synthesis of water-
dispersible magnetic nanoparticles [8]. In those studies, instead of using the non-polar solvent
such as phenylether, benzylether, octadeceneor dioctylether combined with hydrophobi
surfactants (oleicacid, oleylamine or triphosphineoxide). The authors have used polar solvents
with high boiling points, such as dimethylsulfoxide (DMSO), triethyleneglycol (TEG) or
triethylenetetramine (TETA) as synthetic solvents [8]. In the two latter cases, in addition to the
usual role as solvents, TEG and TETA molecules also serve as stabilizing ligands for suspending
nanoparticles in aq solution. For le, O'Connor and colleagues reported their study on
the synthesis of hydrophilic Fe;O4 nanoparticles in TETA solvent at high temperatures [8]. In
their work, the size of nanoparticles was controlled in the range of 7.4-12 nm using seeding
growth method. The obtained nanoparticles are ready water-dispersible and stable without any
further surface modification. Thus far, there area limited works on using TETA as solvent for
synthesis magnetic nanoparticles and these studies are only for Fe;04 nanomaterials. In our best
knowledge, there are no reports on the synthesis of other magnetic nanomatenals (for example
CoFe;04) in TETA recorded.

In the current work, water-dispersible and monodisperse CoFe,0s; nanoparticles were
prepared by thermal decomposition of cobalt (II) and iron (III} acetylacetonates in TETA
solvent. The influence of the reaction time and precursor concentration on the morphology,
monodispersity and magnetic nanoparticles was investigated. Analytical techniques, including
transmission electron microscopy (TEM), vibrating sample magnetometer (VSM) and dynamic
light scattering (DLS) were used to characterise the samples.

2. EXPERIMENTAL
2.1. Chemicals

All chemicals, including precursors: Co (II) acetylacetonate (Co (acac);, 99 %), Fe (III)
acetylacetonate Fe (acac);, 99.99 %; solvents: triethylenetetramine (TETA, = 97 %), acetone and
ethanol were ordered from Sigma-Aldrich Ltd, Singapore. They were used as received without
any further purification.

2.2. Synthesis of CoFe,0, particles

The syntheses of CoFe,0,4 nanoparticles were conducted under free oxygen condition. In a
typical synthesis, 084 mumol Co (acac), (0.213 g) and 1.68 mmol Fe (acac); (0.6 g) were
precisely weighted and stored in a three-necked flask containing 40 ml of TETA. The
concentrations of the precursors Co (acac), and Fe (acac); in the reaction solution are 21 mM and
42 mM, respectively. The reaction mixture was magneticaly stired and de-gassed at room
temperature for at least 30 min before heating to 100 °C, and maintained at this p to
remove water. Temperature continued to be increased to 275 - 280 °C with a ramping rate of 3 -
5 °C/mn. At that temperature, the reaction was maintained for various time periods of 30, 60
and 120 min.

2.3. Samples purification
As-synthesised CoFe,0, nanoparticles were purified from free excess surfactants or

reaction by-products before characterisations. The purification of samplgs for TEM and DLS
measurements was carried out as follows: 0.5 mL of the nanoparticle solution was mixed with 1
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mL of acetone. The mixture was sonicated for 1 - 2 min and the nanoparticles were precipitated
by a centrifugation at a speed between 5000 - 10000 rpm for 5 min (depending on the particle
size). After discarding the supernatant, the nanoparticles were dissolved in 1 mL of water and
then mixed with 2 mL acetone, following a further centrifugation. The precipitation-redispersion
procedure was repeated three more times, and the nanoparticles were finally dissolved in 1.5 mL
of water prior to TEM and DLS ct izati The washing procedure of samples for XRD
and VSM was ducted similarly to that of TEM characterization but using
larger sample volume (5 - 10 mL sample solution/each) and the purified samples were dried,
instead of dispersing in water.

3. RESULTS AND DISCUSSION

3.1. Effect ofreaction timeonthe monodispersity and sizeof the nanoparticle

It was widely known that the size, shape and monodispersibility of particles can be
controlled by synthetic conditions. In this study, we investigated the influence of the reaction
time to the morphology and umform of the particle. Flgure 1 shows TEM images and
corresponding size distribution histogy of the pl ised at different reaction time
periods (30, 60 and 120 min). At the reaction time duration of 30 min, it can be seen that most of
the obtained nanoparticles are spherical- and cubic-shape with an average size d = 9.5 + 1.4 nm.
As the reaction time duration increased to 60 min, the particle size increased to 11.3 + 1.6 nm.
Continued to prolong the reaction time to 120 min, we observed a decrease in particle size (d =
10.5 £+ 1.7 nm). From TEM analysis resuits (size distribution histograms), it can be seen that
CoFe,0, nanoparticles synthesised within 30 - 120 min reaction time periods are fairly uniform
(stdev = 15 - 17 %).

d=95 t14nm
\ n=248

%)

Frequency
77777

AN\
8

3
N
=
>
®
N
S

Particle size (nm)

CF - TETA -30-911

Figure 1. TEM images and corresponding size distribution histograms of the CoFe,0, nanoparticles
synthesised for different reaction time periods: 30 min (a, b).
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Figure 1. TEM images and corresponding size distribution histograms of the CoFe,O, nanoparticles
synthesised for different reaction time periods: 60 min (c¢,d) and 120 min (e, f).
Scale bar of a, ¢ and e images: 20n m.

3.2. The influence of the precursor concentration on the size and uniform of CoFe;04
nanoparticles

To investigate the influence of the Co(acac), and Fe(acac); concentrationon on the
formation, s1ze and uniform of CoFe;O, nanoparticles, we maintained the reaction time duration
at 30 min while changing concentration of the precursors. TEM data in Figure 1a,b and 2ab
indicated that when the concentration of precursors was doubled, from 21 mM Co®* + 42 mM
Fe*' to 42 mM Co® + 84 mM Fe™, the particles size was reduced from 9.5+ 1.4nmto 7.2+ 0.8
nm, respectrvely. Continued to increase the precursor concentration to 84 mM Co™ +168 mM
Fe™, we obtained the particles size of 10.5 + 1.8 nm. Along with the change of the particle size,
monodispersityof the synthesised CoFe;O, nanoparticles also altered with varying the
concentration of the precursors. For example, the value of standard deviation (stdev) of the
nanoparticles was improve from stdev = 16 %, for sample prepared at precursor concentration of
21 mM Co®™ and 42 mM Fe*" (Figure 1a, b), to = 11 %, for the sample synthesised at 42 mM
Co™ + 84 mM Fe** (Figure 2a, b).
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i : e) HRTEM image of (a). The reaction time duration is 30 min. Scale bar of a and ¢ images: 20 nm.
g of
sl A This value is nearly equivalent to that of the sample prepared in dioctylether or octadecene
:g 20 in our previous works, suggesting the high quality of the CoFe,0, nanoparticles synthesised in

TETA. We also conducted some high resolution TEM analysises (HRTEM) to explore the level
of crystallinity of the samples. Figure 2e indicates HRTEM 1mage of the sample synthesized at
the concentration of 42 mM Co® and 84 mM Fe>*. One can see clearly the crystal lattices, which
suggest a high crystalinity of the analysed sample. By analyzing the HRTEM 1mage in more
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detail, we determined the distances (dyq) between crystal lattices are 2.526, 1.481 and 1.612 A,
which are corresponding to the planes of (311), (440) and(511),respectively. These results are
consistent with the calculations obtained from the diffraction peak positions on the XRD patterns
in Figure 3.

3.3. Phase structure of CoFe,O, nanoparticles
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Figure 3. X-ray diffraction patterns of the CoFe,0, nanoparticles synthesised in TETA at different
concentrations of precursors: a,b) 21 mM Co® + 42 mM Fe*, ¢) 42 mM Co®' : 84 mM Fe** and
d) 84 mM Co®": 168 mM Fe®*. The reaction time durations are 30 min (a, ¢ and d) and 120 min (b).

Figure 3 shows XRD pattemns of the samples synthesised under different synthetic

conditions. One can see that all samples exhibited the characteristic diffraction peaks of the
spinel CoFe,0,4 phase, including (220), (311), (400), (511) and (440). Of these, the peak (311)
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had the strongest intensity. There were no characteristic peaks of Fe;0;, FeO or CoO phases
detected in the XRD patterens, which demonstrated that the prepared samples are single phase
spinel structure. In addition, we observed that the full width at half-maximum of the strongest
(311) peak of the samples prepared at different synthetic conditions differed insignificantly,
which indicates that the particle size changed in a small range within the studied conditions. This
result is consistent with the TEM data in the Figure 1 and 2, where the particle size can vary just
in the range of 7.2 - 10,5 nm by changing the precursor concentration.

3.4. Magnetic propertiesofthe CoFe;O, nanoparticles

The field-dependent magnetization measurements of the samples were carried out on
vibrating sample magnetometer, VSM. Figure 4 shows the hysteresis curves of some samples
measured at room temperature. All these loops show no remanence nor coercivity (H. = 0 and
M, = 0), which suggest a superp ic state of the les. With all studied samples, the
magnetization value, M; = 40 + 57 emw/g, is significantly smaller than that of bulk CoFe;O4
material (70 - 80 emu/g). This reduction of the magnetization value can be explained due to the
influence of spin canting effect (disorder of the surface magnetic moment).
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Figure 4. The mag'nellsanon loops of CoFe,O, nanoparticles synth dat of

21 mM Co?+ 42 mM Fe* for different reaction time durations: 30 min (VS1), 60 min (V S7) and
120 min (VS9), and concentration of 42 mM Co?" + 84 mM Fe™" for 30 min (VS2).

3.5. Water-dispersitility of CoFe,Onanoparticles
To use the synthesised nanoparticles for the biomedical application purposes, we have
assessed the colloidal stability and water-dispersiblility of the nanoparticles. Figure 5 shows the

DLS spectra of the samples in water synthesised at the different reaction time durations. On DLS
spectra, we obtained peaks at 14, 18.5 and 20.5 nm for the samples prepared at the reaction time
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durations of 30, 120 and 60 min, respectively. The obtained DLS data suggested that the
prepared nanoparticles are very good dispersion in water without any agglomeration and
precipitation. The well aqueous dispersion of CoFe;0, nanoparticles synthesised in TETA
solvent is explained primarily due tothe strong bond of TETA molecules to the surface of
CoFe,04 nanoparticles through amine (NHz) functional group. During the growth process of
CoFe,04 nanoparticles at high temp e, TETA molecules attach to the particle suface to
form a robust ligand shell wrapped around the forming nanoparticles. This ligand shell, on the
one hand, inhibits the growth of the nanoparticles (control the size), on the other hand, it protect
nanoparticles from aggl ions via steric repulsion and thus help them to disperse well in
solution. Furthermore, due to the hydrophilic nature of the ligand molecules, the TETA capped
CoFe,0; nanoparticles are readily dispersible in aqueous solvent without further surface
modification steps.

We were also evaluated the colloidal stability of the samples though visual observation.
Figure 5 shows snapshots of a diluted sample solution in water (middle picture) and in a mixture
of hexane/water (left pictured). We observed that the nanoparticles dispersed very well in water
but absolutely not dispersed in hexane. Two weeks after dispersing them in water, an
insignificant amount of agglomeration and precipitation of the nanoparticles was observed. In
the case of nanoparticles dispersed in the mixture of hexane/water, the nanoparticles transferred
quickly into water phase after shaking just about one min.

Sze Distribution by Number

a1 1 1] 100 1000 10001
See (d nm}

Figure 5. DLS spectra (let panel) of aqueous solution containing CoFe,0, nanoparticles synthesised for
different reaction time durations: 30 (red), 60 (green) and 120mun (blue), and photos of solution of the
nanoparticles dispersed in water (middle picture) and in a mixture of hexane/water (left picture). Hexane
is light and rise above water.

4. CONCLUSION

We have successfully prepared monodisperse and water-dispersible CoFe,O, nanoparticles
using one step synthetic method. The prepared nanoparticles are readily dispersible and
relatively stable in aqueous solution without further surface monification steps. The particle
sizecan be varied in the range of 7.2 - 11.3 nm with a standard deviation up to 11 %. XRD and
VSM data indicated that obtained nanoparticles are single phase and superparamagnetic at room
temperature with the highest saturation magnetization of =~ 60 emu/g. The well dispersion and
relatively stability in water of monodisperse CoFe,O4 nanoparticles possibly opens up several

130



s

\J)-th’e r\‘
TR
5

gerit
s1p 4

One step synthesis of water-dispersible CoFe;04 magnetic nanoparticles using ...

potential lications in biomedici including hyperthermal cancer treatment and magnetic
resonanceimaging MRI.
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TOM TAT

CHE TAO HAT NANO TU CoFe,0, CO KHA NANG PHAN TAN TRONG NUGC THEO
QUY TRINH MOT BUGC SU DUNG DUNG MOI TRIETHYLENETETRAMIN

KiduT.B. Ngoc', Pham V. Luyén2, Nguyén C. Khang', Pham H. Nam®, B H. Manh®,
Pham V. Vink?, Pham V. Hing?, Lé T. Lu™"
T rung tdm Nano, Truong DHSP Ha N6i, 136 Xudn Thiy, Céu Giﬁ'y, Ha Ngi
’Khoa Vit Iy, Truong DHSP Ha Ngi, 136 Xudn Thity, Céu Gidy, Ha Ngi
Vién Khoa hoc vt liéu, Vién HLKHCNVN, 18 Hoang Quéc Viét, Ciu Gidy, Ha Noi
*Vién Ky thudt nhiét d6i, VAST, 18 Hodng Quéc Viét, Cdu Gidy, Ha Ngi

"Email: [tlu_itims@yahoo.com

Hat nano tir CoFe;0, dd duge téng hop thanh cong bang phuong phép ché tao mdt bude
qua viéc phén hity cic tién chét ciia Co va Fe trong dung méi triethylenetetramin & nhiét d¢ cao.
Uu dlem cia phuong phap nay Ia cho phep tao ra céc hat nano tir ddng déu v6i kha nang phan
tan t6t va bén trong nude. Kich thuéc hat c6 thé didu khidn trong khoang 7 - 11,3 nm bing céch
thay 461 didu kign phén tmg. Céc hat thu duge ¢6 bin kinh déng (DLS) twong dbi nho (<21 nm),
d& dang phén tan va bén trong nuéc trong thori gian 18n t6i vai tudn ma khong cén bit ki mot
cdng doan bién tinh bé mit ndo khac.

Tir khoa: hat nano tir, phan tan trong nude, y sinh, phuong phap téng hop mdt bude.
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