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Abstract: 5-Amino-1,10-phenanthroline (Aphen)-functionalized monodisperse luminescent iron oxide nanoparticles

were prepared using a one-pot synthetic procedure via a thermal decomposition process. Amine functional groups

of Aphen as a luminescent source afforded highly stabilized magnetic nanoparticles in polar solvents, resulting in a

well-dispersed solution. Transmission electron microscopy (TEM) showed that the size distribution and particle

morphology of the iron oxide nanoparticles was improved after anchoring with Aphen. The functionalization of iron

oxide nanoparticles with Aphen was examined by UV-vis absorbance and photoluminescence spectroscopy. The

Aphen-anchored iron oxide nanoparticles exhibited excellent luminescence properties with an estimated lumines-

cence quantum yield of 0.00354 at room temperature. In addition, these Aphen-anchored iron oxide nanoparticles

were characterized by vibrating sample magnetometry (VSM) to reveal the magnetic properties. The Aphen-

anchored iron oxide nanoparticles exhibited both luminescence and magnetic properties.
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Introduction 

The application of magnetic nanoparticles has become an

enabling technology and has quickly attracted the interest of

scientists studying magnetic fields,1 catalysis,2,3 biomedi-

cine,4,5 magnetic resonance imaging,6 data storage,7,8 and

environmental remediation.9-13 In particular, the synthesis of

multifunctional magnetic nanoparticles having both optical

and magnetic properties are becoming more important

because of their multiple utilities such as site-selective

binding,14,15 biosensing,16 and bioseparation.17 Fe,18,19 Co,20

γ-Fe2O3,
21 and Fe3O4

22,23 are the most interesting magnetic

nanoparticles, and thus have been synthesized by using

various synthetic methods including co-precipitation,24

thermal decomposition,25,26 arc-plasma assisted CVD,27 and

hydrothermal reduction.28 

The ability to obtain multifunctional properties in the single

nano-object has developed extensively in recent years. Mul-

ticomponent hybrid nanostructures were prepared by inte-

grating two or more nanoparticle components into a single

nano-system such as, CdSe-Fe3O4,
29 Ag-Fe3O4,

30,31 Au-FePt,32

and the magnetic nanoparticle surface was also functional-

ized by organic chromophore ligands.33,34 In spite of the

ongoing success of the synthesis of multifunctional

nanoparticles, the interaction between magnetic nanoparti-

cles and luminescent functional ligands have rarely been

focused on.35,36 To date, two major approaches have been

developed to modify the surface of nanoparticles using

organic ligands.37,38 The first approach is based on coordi-

nate bonding. Functional groups like, thiols, carboxylic acids,

and dopamines, were used directly to link hydrophilic

groups onto the surface of hydrophobic nanoparticles by

replacing original hydrophobic ligands.39-41 The second

approach uses van der Waals interactions, through which

the hydrophobic tails of amphiphilic ligands interact with,

but do not replace, the hydrophobic ligands on the surface of

nanoparticles, thus leading to the formation of nanoparticle

micelles.42 While these approaches provide valuable

information on the surface modification of nanoparticles

using organic ligands, the drawback is the weak interactions

between the ligand and metal particle. Hence the current

work uniquely addresses this problem by an alternative

approach to functionalize organic chromophores such as

Aphen onto the surface of Fe3O4 nanoparticles via one-pot

synthesis.

Aphen is one of the widely used chelating ligands in coor-

dination chemistry due to its high affinity towards various
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cations and metal complexes.43,44 The magnetic core nor-
mally quenches the fluorescence of functionalized chro-
mophore and this problem can be resolved by covalent
bonding of chromophore to the magnetic nanoparticle via
an appropriate spacer.33,34 Aphen is an active functional
ligand which can provide surface stability by coordination
and it also provides luminescence properties to the metal
particle. It can coordinate with metal ions through a nitro-
gen atom,45 and provide reactive -NH2 functional groups for
further covalent attachment. Aphen-functionalized Fe3O4

nanoparticles can retain the magnetic and optical properties
of each component and permit potential applications as
optical reporters and magnetic handles for bioassay.
Functionalization of Aphen onto gold particles has been
extensively studied in our previous work46 and, to our
knowledge, anchoring Aphen onto iron oxide nanoparticles
has not been studied. We turned our attention to Aphen as a
functional ligand due to its high affinity for metallic surfaces.47-51

In this article, we report a new type of nanocomposite
materials based on magnetic nanoparticles and Aphen, with
direct and strong interactions between organic ligand and
metal nanoparticles. In the one-pot thermal decomposition
process, Fe(acac)3 was used as a single iron source.
Oleylamine (OAm) as both a surface stabilizer and a reduc-
ing agent and Aphen were chosen as a luminescent source
to obtain surface coordinated luminescent multifunctional
magnetic nanoparticles.

Experimental

Materials and Reagents. 5-Amino-1,10-phenanthroline
(Aphen), Oleylamine (OAm), Iron(III) acetylacetonate
(Fe(acac)3), 1,2-dodecandiol and benzyl ether were pur-
chased from Aldrich, USA. Ethanol and hexane were pur-
chased from Duksan Chemical, Korea. All reagents were
used as received without further purification. 

Preparation of Fe3O4-OAm Nanoparticles. OAm-
functionalized magnetic nanoparticles were prepared in a
thermal decomposition process. In a typical preparation,
0.706 g of Fe(acac)3, 2.023 g of 1,2-dodecanediol, 1.605 g
OAm, and 80 mL benzyl ether were mixed in a round bot-
tom flask and purged with nitrogen to remove oxygen. The
mixture was heated to reflux for 30 min and then cooled to
room temperature. Addition of ethanol to the reaction solu-
tion resulted in a dark-brown precipitate which was washed
with ethanol for several times by magnetic separation and
then dried under vacuum at room temperature. 

Preparation of Fe3O4-OAm-Aphen Nanoparticles. Magnetic
nanoparticles anchored with mixed ligands were prepared in
a similar fashion to the above procedure. In a typical prepa-
ration, 0.706 g of Fe(acac)3, 2.023 g of 1,2-dodecanediol,
1.605 g of OAm, 0.098 g Aphen, and 80 mL of benzylether
were mixed in a round bottom flask and purged with nitro-
gen to remove oxygen. The mixture was heated to reflux for

30 min and then cooled to room temperature. Addition of
hexane to the reaction solution resulted in a dark-brown pre-
cipitate which was washed with a hexane/ethanol (95/5, v/
v) solution several times by magnetic separation and then
dried under vacuum at room temperature. 

Quantum Yield Mesurements. PL quantum yields of
Aphen-functionalized magnetic nanoparticles in ethanol (ca.
0.8196×10-5 M) was measured by comparing with quinine
sulfate (ca. 0.8196×10-5 M) in 0.10 M H2SO4 as standard
according to following equation:

Φunk = Φstd(Iunk/Istd)(Astd/Aunk)(ηunk/ηstd)
2

Φ corresponds to the quantum yields, I to the integrated PL
emission intensity excited at the maximum wavelength of
UV absorbance, A to the absorbance at the excitation wave-
length at the same concentration, and η to the refractive
index of the solvents used. Subscripts unk and std corre-
spond to the unknown and the standard, respectively.

Characterization. Infrared spectra were recorded on FT
IR (Tensor 27, Bruker, Germany) as potassium bromide pel-
lets. All samples were scanned between 400 and 4500 cm-1

as transmittance spectra. The WAXD experiments were per-
formed on an X-ray diffractometer (DMAX 2500, Rigaku,
Japan) equipped with a copper target and a diffracted beam
monochromator (Cu Kα radiation with λ=1.5406 Å) with
2θ scan range of 5~80o at room temperature. Powdered
samples were pressed on a glass plate sample holder. The
morphology of nanoparticles was observed by using TEM
(JSM 100CXII, JEOL, Japan). A High-resolution TEM (HR-
TEM) (JEM-3010, JEOL, Japan) was used to capture high
resolution images. The absorption spectra were obtained
with a UV-vis spectrophotometer (UV-1601PC, Shimadzu,
Japan). Photoluminescence (PL) spectra were recorded with
a spectrofluorophotometer (RF-5301PC, Shimadzu, Japan).
Excitation was incident at an angle of 0o onto the front face
of the sample, and the emission was recorded in reflection at
an angle of 90o with respect to the surface normal. The ther-
mal properties of the samples were analyzed by TGA (Q50, TA
instruments); TGA was used to determine the organic ligand
quantity. The samples were heated under flowing nitrogen
atmosphere from 50 to 800 oC at a heating rate of 10 oC/min
and the weight loss was recorded. The magnetization mea-
surements were performed at room temperature using a
vibrating sample magnetometer (VSM) (450-10, LakeShore).
The saturation magnetization values were normalized to the
mass of nanoparticles to yield the specific magnetization, M
(emu/g).

Results and Discussion

Scheme I illustrates the synthetic pathway for making
Aphen-functionalized iron oxide nanoparticles. As shown
in Scheme I, Aphen was anchored onto iron oxide
nanoparticles by coordination. Aphen coordinates with iron
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oxide nanoparticles via nitrogen atom. OAm provides surface

stability to iron oxide particles by anchoring onto the surface. 

The FTIR spectra of the two samples, Fe3O4-OAm, and

Fe3O4-OAm-Aphen nanoparticles, are shown in Figure 1.

The presence of surface-functionalized organic ligands can

be confirmed in the FTIR spectra. The band at 600 cm-1 was

assigned to the vibration of the Fe-O bond of the iron oxide

core. A band at 1608 cm-1 corresponds to N-H bending, 808

cm-1 corresponds to out of plane N-H bending and the bands

at around 3420 cm-1, 3175 cm-1 corresponds to the N-H

stretching vibrations. In the spectrum of Fe3O4-OAm-Aphen

nanoparticles, the bands at around 3065 cm-1 are assigned to

aromatic C-H stretching and the bands at around 2844-2925

cm-1 are assigned to aliphatic C-H stretching.

X-ray diffraction (XRD) was used to record the crystal

information of iron oxide nanoparticles. Figure 2 shows the

XRD patterns of iron oxide nanoparticles covered with

OAm and mixed ligands. Functionalized magnetic nanopar-

ticles could be indexed to the (2 2 0), (3 1 1), (4 0 0), and (4 4 0)

planes of magnetite (Fe3O4) nanoparticles.33 All diffraction

peak positions match well with standard Fe3O4 peak positions.

Figure 3 presents representative transmission electron

microscope (TEM) images of the Fe3O4 nanoparticles with

various ligand-functionalized surfaces. The morphology and

solubility behavior of the magnetic nanoparticles can be

controlled simply by selecting surface-functionalized ligands.

Both Fe3O4-OAm and Fe3O4-OAm-Aphen nanoparticles

showed spherical morphology. In addition, Fe3O4-OAm-

Aphen nanoparticles showed a narrow particle size distribu-

tion with sizes ranging from 5 to 8 nm, as compared with

the Fe3O4-OAm nanoparticles. In this work, the mixed ligands

were used in order to enhance the stability of the nanoparti-

cles. Enhancement in the particle stability may be due to the

balanced structure of surface-functionalized ligands. The

lattice fringe in HR-TEM images corresponds to a group of

atomic planes within a single crystal of Fe3O4 nanoparticle. 

To examine the relative quantity of organic ligands

functionalized onto the surface of Fe3O4 nanoparticles, TGA

measurements were performed and the results are shown in

Figure 4. The Fe3O4-OAm showed a weight loss of 10 wt%

at 700 oC. Fe3O4-OAm-Aphen nanoparticles showed weight

loss of about 52 wt% at 700 oC. These results indicate that

52 wt% of the organic ligands were anchored onto 48 wt%

iron oxide nanoparticles surface. Figure 5 shows the dispersion

Scheme I. A schematic for the synthesis of Aphen-functionalized

iron oxide nanoparticles.

Figure 1. FTIR spectra of functionalized magnetic nanoparticles

(a) Fe3O4-OAm and (b) Fe3O4-OAm-Aphen.

Figure 2. XRD spectra of functionalized magnetic nanoparticles.

Figure 3. TEM images of Fe3O4 nanoparticles prepared by one-

pot synthesis: (a) Fe3O4-OAm and (c) Fe3O4-OAm-Aphen; HR-

TEM images of (b) Fe3O4-OAm and (d) Fe3O4-OAm-Aphen.
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behavior of Aphen-functionalized iron oxide nanoparticles

in various solvents. The dark brown powder of Aphen-

functionalized magnetic nanoparticles was proven to exhibit

good dispersibility in polar solvents (i.e., alcohols) to form a

stable ferrofluid. Since the magnetic nanoparticles that

OAm only covered are capable of being dispersed in non-

polar solvents and the magnetic particle surface was modified

by Aphen functionalization, these magnetic nanoparticles

were well dispersed in ethanol and chloroform but not in

hexane. The dispersion behavior of magnetic nanoparticles

in the various solvents was shown to be strongly dependent

on the surface-anchored ligands. 

Figure 6 compares the UV-vis absorption spectra of

Aphen-functionalized iron oxide nanoparticles. The ethan-

olic solution of Aphen possesses well-defined absorption

bands in the UV-region (296 and 330 nm) corresponding

to the π-π* intra-ligand transition from the Aphen chro-

mophore. After the functionalization, a single absorption

band indicating the intra-ligand transition was observed at

300 nm. In addition, a broad band at 525 nm was observed,

which can be attributed to the admixture of the metal-to-

ligand charge transfer (MLCT) band of the Aphen and iron

oxide. These results confirmed that the Aphen-functionalization

was achieved successfully onto the iron oxide nanoparticles.

The fluorescence emission spectra of the Aphen-function-

alized magnetic nanoparticles and pure Aphen in ethanol

solution with excitation wavelength at 310 nm were com-

pared in Figure 7. Aphen-functionalized magnetic nanopar-

ticles showed an emission peak at 448 nm, which is shifted

significantly to the blue region compared with the emission

spectrum of pure Aphen (λ
em

=494 nm). This blue shift indi-

cates that Aphen is anchored onto the surface of the iron

oxide nanoparticles. Luminescence quantum yields (Φ) of

Aphen-functionalized iron oxide nanoparticles in ethanol

were estimated by comparing with a known quantum yield

of quinine sulfate.52 The quantum yields of Fe3O4-OAm-

Aphen were estimated to be 0.00354. Figure 8 shows digital

pictures of Fe3O4-OAm-Aphen in ethanol before and after

UV irradiation. After UV irradiation, the red color solution

emitted blue light at 312 nm. These results imply that the

fluorescence of surface anchored-chromophore is not

quenched by superparamagnetic core.

The magnetic moment of as-synthesized iron oxide nano-

particles was measured with a vibrating sample magneto-

meter as a function of applied magnetic field at 10 K. Both

Figure 4. TGA thermogram of functionalized magnetic nanopar-

ticles.

Figure 5. Dispersion behavior of Fe3O4-OAm-Aphen nanoparti-

cles in various solvents.

Figure 6. UV-visible absorption spectra of Aphen-functionalized

iron oxide nanoparticles and Apehn/ethanol solution.

Figure 7. Normalized PL spectra of Aphen and Aphen-function-

alized iron oxide nanoparticles. 
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Fe3O4-OAm and Fe3O4-OAm-Aphen nanoparticles exhibit

the superparamagnetic characteristics. As seen in Figure 9,

the saturation magnetizations of Fe3O4-OAm and Fe3O4-

OAm-Aphen were 46 and 31 emu/g, respectively. The dif-

ference in the saturation magnetization of the synthesized

nanoparticles would be mainly attributed to the difference

in the surface-anchored functional groups. The saturation

magnetization of Fe3O4-OAm-Aphen nanoparticles was

lower than those of OAm-functionalized iron oxide nano-

particles, which was caused by the surface spin effects.53

Conclusions

In conclusion, we have synthesized Aphen-functionalized

luminescent magnetic nanoparticles by a simple and one-

pot reaction. In this work, OAm acted as a surface stabilizer

as well as a reducing agent. Surface-anchored Aphen pro-

vided luminescent properties to the iron oxide nanoparticles.

Particle morphology and size distribution were dependent on

the nature of surface-anchored ligands. Fe3O4-OAm-Aphen

nanoparticles showed good luminescent properties with

enhanced quantum yield. In addition, these luminescent iron

oxide nanoparticles exhibit superparamagnetic characteris-

tics. Therefore, these nanoparticles, with luminescence,

magnetic properties, good dispersibility, and further function-

alization capability, can be effectively utilized in practical

applications of biomedicine, labeling, detection, and bio-

separation.
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