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Abstract In this study, the surface of amino silane modi-
fied magnetite nanoparticles were coated with polyami-
doamine dendrimer up to the fifth generation via a mod-
ified repetitive Michael addition and amidation processes.
Products were characterized with X-ray powder diffrac-
tometry (XRD), transmission electron microscopy (TEM),
Fourier transform infrared spectroscopy (FT-IR), ther-
mal gravimetry (TG), and vibrating sample magnetometry
(VSM) which proved the superparamagnetic properties of
all products. The attachment of silane group and PAMAM
(poly(amidoamine) dendrimers on the surface of the mag-
netite nanoparticles were confirmed with both TG and
FT-IR. Due to the given saturation magnetization (Ms) of
the products, they may be a powerful tool for biomedical
applications and catalysis chemistry.

Keywords PAMAM - Dendrimers - SPION -
Superparamagnetism

1 Introduction

Magnetite nanoparticles have attracted very much ineterest
due to their unique important properties. They find appli-
cation in the production of information storage materials,
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biomedical applications, catalysis reactions, and so on [1].
In order to prevent the agglomeration of magnetite nanoa-
particles (attraction of nanoparticles due to the high sat-
uration magnetization values of each nanoparticles), they
are coated with some surfactants such as polymers, car-
boxylic acid, dendrimers, etc [2—5]. Therefore, these coated
magnetite nanoparticles can be used in magnetic resonance
imaging (MRI), drug delivery, cell separation, hyperther-
mia, etc. [6, 7].

The first dendritic structures that have been exhaus-
tively investigated and have received widespread attention
were Tomalia’s poly(amidoamine) (PAMAM) dendrimer
[8]. As it was stated by Yin et al. and others, PAMAM, a
highly branched dendritic macromolecule having a unique
surface with multiple chain ends, could also be used to
modify the surface nanoparticles due to their good biocom-
patibility, highly geometric symmetry, chemical stability,
controllable size, surface functionality, and adequate func-
tional groups for chemical fixation [9-14]. PAMAM coating
enables the reduction of particle agglomeration, and the
terminal groups on the periphery can be tailored to con-
trol composite solubility [15]. Some important properties
of these structures include a large number of end groups,
the functionable cores, the nanoporous nature of the inte-
rior at higher generations, and easier crossing of biolog-
ical barrier by transcytosis [16, 17]. Chandra et al. [18]
demonstrated a facile approach for the preparation of den-
drimers coated with Fe3O4 nanoparticles for drug delivery
application.

In this study, the surface of amino silane-modified super-
paramagnetic iron oxide nanoparticles (SPION) was coated
with polyamidoamine dendrimer up to the fifth generation,
and their detailed structural, morphological, spectroscopic,
and magnetic chracterizations were presented.
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2 Experimental
2.1 Chemicals

All chemicals were obtained from Merck and used as
received without further purification.

2.2 Instrumentations

X-ray powder diffraction (XRD) analysis was conducted on
a Rigaku Smart Lab Diffractometer operated at 40 kV and
35 mA using Cu Ke radiation (A = 1.54178 A).

Fourier transform infrared (FT-IR) spectra were recorded
in transmission mode with a Perkin Elmer BX FT-IR
infrared spectrometer. The powder samples were ground
with KBr and compressed into a pellet (in the range 4,000
400 cm™1).

Transmission electron microscopy (TEM) analysis was
performed using a JEOL JEM 2100 microscope. A drop of
diluted sample in alcohol was dripped on a TEM grid.

The thermal stability was determined by thermogravi-
metric analysis (TGA, Perkin Elmer Instruments model,
STA 6000). The TGA thermograms were recorded for 5 mg
of powder sample with a heating rate of 10 °C/min in the
temperature range of 30—750 °C under nitrogen atmosphere.

VSM measurements were performed by using a Quan-
tum Design Vibrating sample magnetometer (QD-VSM).
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The sample was measured between £ 10 kOe at room
temperature and 10 K. Zero field cooling (ZFC) and field
cooling (FC) measurements were carried out at 100 Oe,
and the blocking temperature was determined from the
measurements.

2.3 Procedure
2.4 Synthesis of SPIONs

Stoichiometric amounts of ferrous chloride hexahydrate
(FeCl3-6H;0, 99 %) and ferric chloride hexahydrate
(FeCl,- 4H,0, 99 %) (with molar ratio of 2:1) were dis-
solved in 50 mL of distilled water. Ammonia solution
(0.9 M) was used as alkaline source and vigorously stirred
for 30 min and added to the above iron salt-containing
solution till the pH of the solution reached to 11. After
the addition of ammonia solution, the color of the iron
salt-containing solution immediately turned to black. All
experiments were done under Ar gas at room temperature.
Finally, SPIONs were redispersed in an aqueous solution of
tetramethylammonium hydroxide (TMAOH) (5 wt%).

2.4.1 Coating of SPIONs with Aminosilane
Fifty milliliters of the above solution (SPION in TMAOH

soln) was mixed with 100 mL of ethanol in 250-mL two-
necked bottom flask equipped with a condenser, and then
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10 mL of 3-aminopropyltrimethoxysilane) (APTMS) was
added under stirring at 60 °C for 12 h. Finally, the prod-
uct was washed with ethanol and water several times by
magnetic separation and dried under vacuum.

2.4.2 Synthesis of Dendrimer-Modified SPION-PAMAM
Gl to G5

Ethylenediamine (10.0 g, 0.166 mol) was dissolved in
100 mL of methanol, and 94.6 g methyl acrylate was added
to the above solution and stirred under nitrogen at 40 °C
for 24 h. Excess methyl acrylate was removed under vac-
uum at room temperature. A Michael addition between
the amine and the acrylate yielded a product bearing four
terminal methyl ester groups. Subsequently, 120 g ethylene-
diamine was dissolved in methanol and added to the four-
terminal methylester containing dendrimer and stirred for
48 h under nitrogen, and excess reactants were removed by
vacuum distillation. Then a product bearing four terminal
amino groups was obtained which was defined as the Gl
PAMAM. By repeating the above cycle, a higher generation
of PAMAM dendrimers (G2, G3, G4, G5) was synthesized.
The purity of the amine-terminated PAMAM dendrimers
was characterized via FT-IR. A schematic representation of
dendrimer-modified SPION-PAMAM G1 to G5 was given
in Scheme 1.

3 Results and Discussion

3.1 XRD Analysis

The XRD powder patterns of SPION-PAMAM G1 were
presented in Fig. 1 which showed that the inorganic core is

CPS (a.u.)

Intensity (a.u.)
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Fig. 1 XRD powder pattern and line profile fitting of dendrimer-
modified SPION-PAMAM Gl1
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iron oxide (Fe3O4). The diffraction peaks were broadened
owing to its small crystallite size. All observed diffraction
peaks for five products could be indexed by the cubic struc-
ture of Fe3O4 well matched with the JCPDS no. 19-629
(only one XRD powder pattern was presented in this study).
The line profile fitting method was used to estimate the crys-
tallite size using Eq. 1 in Refs. [19] and [20]. The average
crystallite size of the product was calculated by using line
profile fitting as 4.2 £ 2.1 nm for the observed five peaks
with the following Miller indices: (220), (311), (400), (511),
and (440) [21].

3.2 FT-IR Analysis

The functionalization of SPION with aminosilane and
PAMAM was monitored by FT-IR spectroscopy. Figure 2
shows the FT-IR spectra for uncoated SPION and PAMAM-
coated SPION (dendrimer-modified SPION PAMAM G1 to
G5). As it can be seen clearly from Fig. 2, Fe—O vibra-
tion peaks (which are due to the commercial magnetite
powder: metal-oxygen band, vy, observed at 590 cm™~! cor-
responding to intrinsic stretching vibrations of the metal at
a tetrahedral site (Feeyra <> O), whereas metal-oxygen band
observed at 445 cm™!, vy, is assigned to octahedral-metal
stretching (Feoea <> O)) were observed for uncoated and
all PAMAM-coated SPION. Additionally, organic vibra-
tion peaks were observed for all PAMAM-coated SPION
(SPION PAMAM Gl to G5) [3, 22, 23]. The vibration of —
NH, group was observed at 3,440 cm™! in Fig. 2b—f. The
stretching vibration of Si—O at the surface of aminosilane—
Fe3z04 surface was about 990 cm~!, which shifted to
~1,020 cm™! of the SPION-PAMAM G5 due to the
presence of highly electronegative —CO and —NH, groups
[24, 25].
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Fig. 2 FT-IR spectra of dendrimer-modified SPION-PAMAM G1 to
G5
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Fig. 3 TG thermogram of dendrimer-modified SPION-PAMAM G1
to G5

3.3 TG Analysis

The TG thermograms of dendrimer-modified SPION-
PAMAM Gl to G5 were presented in Fig. 3. As in the case
of the previous studies related to synthesis of PAMAM den-
drimer, TGA results of this study are similar [2, 26—30]. The
percent of weight loss was increased with increasing den-
drimer generation number as expected due to the increase
in the chain length of C-backbone and molecular weight of
dendrimers. The weight loss of each product (dendrimer-
modified SPION-PAMAM G1 to G5) was given in Table 1.

3.4 TEM Analysis

In order to investigate the morphology and particle size dis-
tribution of the dendrimer-modified SPION-PAMAM G1
to G5, TEM analysis was done. The TEM images and their
particle size distribution diagrams for each product were
given in Fig. 4, respectively. As the generation number
was increased, the particle size of the related product was
also increasing accordingly (SPION-PAMAM from G1 to
G5). A nearly spherical morphology was observed for TEM
images of all products, while some other polygonic mor-
phologies were also observed as stated by Uzun et al. [3] and
Mikhaylova et al. [24]. Due to the magnetic dipole—dipole

J Supercond Nov Magn (2014) 27:2097-2103

interaction and high surface to volume ratio of all products,
some degree of agglomeration were observed [24, 31]. In
order to analyze the size distribution quantitatively, the par-
ticle size distribution was fitted using a log-normal function
[32]:

P (D) = 4 —lln2<D> (1)
" Dopy2n P 2012) Do

where op is the standard deviation of the diameter, and Dy
is the mean diameter.

3.5 VSM Analysis

Room-temperature magnetization curves of the dendrimer-
modified SPION-PAMAM G1 to G5 were given in Fig. 5.
The saturation magnetization (M) values of the samples
were derived from the plot of M vs. 1/H as shown in Table 1
Magnetization of the composites decreases regularly with
increasing number of dendrimer generation due to the pres-
ence of a nonmagnetic layer at the particle surface and spin
canting [2, 23]. All M, values are lower than the theoretical
value of bulk magnetite (i.e., 92 emu/g) [33, 34]. Besides, all
M-H hysterisis curves have no remanence and no coercivity
with the absence of saturation at high fields. These fea-
tures are typical characteristics of superparamagnetic (SP)
nanoparticles and can be described well with the Langevin
theory of magnetization. Accordingly, the magnetization of
SP nanoparticles varies with the external field as follows:

H\ kT
M:MS{Coth<“ )— 5 } )
kpT wH

where pH represents the energy due to the external field,
and kpT stands for the thermal energy. The mean mag-
netic moment, u, is related to the average particle size and
can be calculated by fitting the above equation to mea-
sured M—H hysterisis curves. Thus, the average sizes of the
magnetic cores of SPIONs coated with PAMAM dendrimes
are around 9 nm. Despite a small discrepancy with TEM
observations, all the measured or calculated grain sizes are
below the superparamagnetic limit of 20 nm for magnetite
[35-37].

Table 1 Particle size and weight loss of dendrimer-modified SPION-PAMAM Gl to G5

Product Particle size (nm)
SPION-PAMAM G1 44+20
SPION-PAMAM G2 49+2.1
SPION-PAMAM G3 62+23
SPION-PAMAM G4 85+2.1
SPION-PAMAM G5 9.1£20

@ Springer

Weight loss (%) Mg(emu/g)
20 54.1
27 48.8
31 45.1
34 43.3
41 37.6
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Fig. 4 TEM micrographs and
particle size distribution
diagrams of dendrimer-modified
SPION-PAMAM: a G1,b G2, ¢
G3,d G4, and e G5
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Fig. 4 (continued)
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Fig. 5 Room temperature M-H curve of bulk Fe3O4 NPs and
dendrimer-modified SPION-PAMAM (G1, G2, G3, G4, and G5)

4 Conclusion
In this study, APTMS was grafted onto the surface of mag-

netite nanoparticles which were then used for successive
addition of methyl acrylate and ethylenediamine step by
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step to form dendritic structure of PAMAM on the SPION.
Dendrimer-modified SPION-PAMAM Gl to G5 with con-
siderable magnetic properties were synthesized. The pres-
ence of PAMAM generations on the surface of the magnetite
was confirmed with FT-IR, TEM, and TGA. Crystallite,
particle, and magnetic core sizes are consistent with each
other. All products present superparamagnetic property. As
a further study, the synthesized products will be used for
protein separation and hydrogen reactions as magnetically
recyclable catalyst.
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