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ABSTRACT: Carboxyl-functionalized magnetic nanogel was
synthesized by facile “green” photochemical method. A possible
mechanism of photochemical synthesis was proposed. Effects of
irradiation time and volume of monomer dropped on the
hydrodynamic diameter of the magnetic nanogel were investi-
gated by photo correlation spectroscopy. The image of atomic
force microscopy presented that the magnetic nanogel was with
loosed structure. X-ray diffraction analysis showed that UV irra-
diation did not induce phase change of Fe;O,. Superparamag-

netic behaviors were retained for Fe;O, while slightly reducing
the value of saturation magnetization for surface coating. High
magnetic content of (as high as 85%) and strong magnetization
of Fe;0, guaranteed that the magnetic nanogel was susceptive
to external applied magnetic field. © 2007 Wiley Periodicals, Inc.
J Appl Polym Sci 105: 18821887, 2007
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INTRODUCTION

The integration of superparamagnetic materials and
functional polymers has attracted an increasing inter-
est because of its superparamagnetic property as well
as other useful properties, offering potential applica-
tions in numerous areas such as RNA and DNA puri-
fication,"” immobilized enzymes,>* and magnetic res-
onance imaging (MRI) contrast agent.”® The design
and synthesis of functional superparamagnetic nano-
gels are the subjects of current research.

Hitherto, many types of organic materials such as nat-
ural macromolecules,”? synthetic polymers®? have been
used as coating agents in the preparation of core-shell
microspheres. Microspheres with polymeric coating
layer have become increasingly attractive because
they can be synthesized easily in a wide variety of com-
positions and can be also modified for further applica-
tions. Nowadays, several methods, including microe-
mulsion polymeriza’cion,13 emulsion polymeriza’cion,14
and in situ polymerization'® have been developed to pre-
pare magnetical microspheres with core-shell structure.

Based on the investigation of the photo-polymeriza-
tion process of vinyl monomers in alcohol, Hoffmann
et al.'® and Stroyuk et al.'” found out that quantum-
sized semiconductor particles were efficient photoini-
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DISCOVER SOMETHING GREAT

tiators to initiate polymerization of monomers in high
quantum yields and proposed the mechanisms of poly-
merization. Therefore, it was possible to synthesize
core-shell magnetic nanogels via photochemical meth-
od using quantum-sized Fe;O, nanoparticles as photoi-
nitiator. Actually, magnetic nanogels with amino
groups'® or hydroxyl groups' had been synthesized
via photochemical method in our group and success-
fully applied in the targeted radiopharmaceutical
application and biosensor.

Compared with other methods reported, photochemi-
cal method was endowed with a number of advantages.
For example, properties including particle size and poly-
meric extent of the synthesized magnetic nanogels could
be conveniently controlled by changing the volume of
monomer dropped, irradiation time, and suchlike. Most
importantly, the reaction medium was free of initiator
and stabilizer, namely, friendly to environment. In this
sense, photochemical method represented a facile and
““green”” process in preparation of magnetic nanogels in
a wide variety of compositions.

In the present study, carboxyl-functionalized magnetic
nanogel was prepared by photochemical method, and
characterized by use of FIIR spectroscopy, atomic force
microscopy (AFM), photo correlation spectroscopy
(PCS), X-ray diffraction (XRD) analysis, and vibrating
sampling magnetometer (VSM) measurement.

EXPERIMENTAL
Materials

Methylacrylic acid (MAA) and absolute alcohol were
of analytic grade and purchased from Shanghai
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Chemical Reagents. MAA was purified prior to use.
Water was doubly distilled after deionization. 500 W
xenon lamp was purchased as irradiation source.

Preparation of Fe;O, nanoparticles

Superparamagnetic Fe;O, nanoparticles were synthe-
sized via partial reduction method according to referen-
ces.>?! The procedures were as follows: FeCl;.6H,O
(3.3 g) was dissolved in 100 mL of water. The solution
was adjusted to pH 2 before charging it into a 500 mL of
three-necked flask. With an injector, 50 mL of 0.16M
sodium sulfite solution, which was freshly prepared,
was added slowly into the flask. After the red solution
changed its color to yellow, 40 mL of diluted ammonia
(12 mL of concentrated ammonia was diluted with
28 mL water) was rapidly injected into the flask, while
stirring and bubbling intensively with nitrogen gas as
protective gas. The reaction was kept at 60°C for 30 min,
before being maturated for about 2 h at room tempera-
ture. After completion of the reaction, the black mag-
netic precipitate was magnetically concentrated and
washed several times with water. Finally, Fe;04 nano-
particles were redispersed in aqueous solution. The
obtained Fe;O, nanoparticles were about 10 nm in
diameter, with a polydispersity index of 0.187. Satura-
tion magnetization was determined to be 66.3 emu g,
coercivity and remanence were close to zero.

Synthesis of carboxyl-functionalized
magnetic nanogel

The carboxyl-functionalized magnetic nanogel was
synthesized via photochemical method. Certain vol-
ume of MAA and 2 mL of alcohol (served as chain
transfer agent) were mixed well in 120 mL of water,
and adjusted the solution pH to 7.5 with 5M NaOH
before charging into the quartz flask, then bubbling
nitrogen gas for 10 min to deaerate. 2.5 mL of ferro-
fluid (8.0 mg mL™') was dropped into the flask. The
reaction was kept for minutes under xenon lamp irra-
diation. After completion of the photochemical syn-
thesis, the magnetic nanogel was isolated by a magnet
and washed several times with water.

Measurements

Size distribution and zeta potential of the magnetic
nanogel were determined by a Zetasizer 3000HS PCS
(Malvern Instruments). Morphology of the magnetic
nanogel was investigated with an AFM (Nanoscope
Ila, Digital Instruments) using tapping mode with a
standard silicon nitride tip. The proof coating of MAA
onto Fe;O4 nanoparticles was confirmed by an Avatar
370 FTIR spectrophotometer (Nicolet, USA). Thermo-
gravimetric analysis was determined by a simultaneous
DTA-TG (Shimadzu, DTG-60M) and DSC apparatus
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(Shimadzu, DSC-60) by heating the samples from room
temperature to 700°C under N, atmosphere at a heating
rate of 10°C min~'. Magnetic properties of the samples
were obtained with a Princeton Applied Research VSM
model 155 and a Quantum Design SQUID MPMS-XL
(ac and dc modes and maximum static field 5 T). Pow-
der XRDs were recorded on a D/max 2550V X-ray dif-
fractometer (Cu Ko radiation, L = 1.5418E).

RESULTS AND DISCUSSION

Synthesis of carboxyl-functionalized magnetic
nanogel

The carboxyl-functionalized magnetic nanogel was syn-
thesized via photochemical method. Fe;O, and MAA
were mixed in a quartz flask. Part of MAA was
adsorbed by Fe;O4 nanoparticles because of the larger
surface-to-volume ratio before being irradiated. In the
experiment, xenon lamp, whose irradiation spectrum
was consecutive, was used as irradiation source. As the
molar extinction coefficient of Fe;0, was much larger
than that of MAA in ultraviolet region, therefore, a ma-
jority of photons were adsorbed by Fe;O, nanoparticles
when the reaction system was exposed to UV light
emitted by xenon lamp. Holes** were subsequently gen-
erated on the surface of Fe;O, nanoparticles. They had
intensive liability to capture MAA adsorbed on the sur-
face of Fe;O, nanoparticles. Free radical, which was
composed of Fe;O, nanoparticles and monomer
adsorbed on the Fe;O, nanoparticle, was generated.
Free radical then combined with free MAA in the solu-
tion, and initiated the chain propagation. The chain
propagation was terminated by the active species of
free radical existing in the system. Minority of MAA
(free radical) could be directly generated by UV light
irradiation. Side reactions, including homopolymeriza-
tion of MAA and aggregation of magnetic nanogels,
were involved in the reaction system. The possible
mechanism of photochemical synthesis could be illumi-
nated with the following equations:

Adsorption: nA + M — M(A)n (1)
Gicie hy ¥
Initiation: MA N ——= ||\1‘A}II|"'—F|}1[A]H]' (2)

Chain propagation: [M{A)n]" + mA —= [M(A)n+m]’ 3
Termination: [M(An+m] £ g— [M{AIn+m]B (4)
" " hy .

Side reactions: A —== A" — A (5)
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Figure 1 Effect of irradiation time on the mean particle size
of the magnetic nanogel.

MiAN+m]” + [M{An+m] —
[M(A)n+m][MA(n+m)] (6)
AT HYVA /= (A)y+] (7
A free monomer of MAA
in the solution
M Fe;04 nanoparticle
B free radical
M(A)n MAA adsorbed on the
Fe;04 nanoparticle
[M(A)n]* excitation state of
monomer adsorbed on
the Fe;O4 nanoparticle
A* excitation state of
monomer
Ae free radical of MAA
[M(A)n]e free radical of MAA
adsorbed on the Fe;Oy4
nanoparticle
[M(A)n+m]B magnetic nanogel
[M(A)n+m][M(A)n+m] aggregated magnetic
nanogel
(A)y+1 homo+polymer of MAA

Effect of variation of irradiation time on the mean
hydrodynamic particle size of the magnetic nanogel
was evaluated by PCS determination. As shown in
Figure 1, the mean particle size increased from 31 to
46 nm within 2 h while 1 mL of MAA was dropped
into the flask. This indicated that the thickness of poly-
mer layer had been increasing continuously because
of the propagation of MAA on the surface of Fe;O4
nanoparticles. Nevertheless, a slow increasing trend
was observed when the irradiation time was over 45
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min. With the reaction proceeding, the monomer in
the reaction system kept decreasing, and led to
decrease of the rate of chain propagation. At the same
time, viscosity of the reaction system was enhanced
by the synthesized magnetic nanogel and by-prod-
ucts, and resulted in the probability of chain propaga-
tion decreased. The two reasons earlier made the in-
crement of particle size of the magnetic nanogel
decrease.

Considering the balance between particle size and
polymeric extent of the magnetic nanogel, 30 min was
selected as suitable irradiation time.

Based on the chosen irradiation time, dependence
of hydrodynamic diameter of the magnetic nano-
gel on the volume of monomer dropped [Vmaa
(dropped)] was investigated. Mean hydrodynamic
diameter of the magnetic nanogel ranged from 10 to
33 nm when Vyaa(dropped) varied from 0 to 1.25
mL (Fig. 2). During the synthesis, hydrodynamic di-
ameter of the magnetic nanogel kept increasing
when there was some residual monomer in the reac-
tion system. Accordingly, mean particle size was
greatly dependent on the volume of monomer
dropped.

Chemical composition of the carboxyl-
functionalized magnetic nanogel

Figure 3 was FTIR spectrum of the magnetic nanogel.
The presence of Fe;O, could be identified by the
strong absorption band around 579 cm ™, which corre-
sponded to the Fe—O bond of naked Fe;O4. The bands
of 1749 and 1162 cm™' were assigned to the C=0
and C—O stretching vibrations of carbonyl group.
The wide band of 3600-3300 cm ™' corresponded to
the O—H stretching vibration of MAA and water
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Figure 2 Dependence of mean particle size of the magnetic
nanogel on volume of monomer dropped.
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Figure 3 FTIR spectrum of the carboxyl-functionalized
magnetic nanogel.

(including bound water). On the other hand, the mag-
netic nanogel was magnetically concentrated and
washed with water several times after synthesis to
eliminate the interference of homopolymer. The
results above revealed that MAA was coated on the
surface of Fe;04 nanoparticles successfully.

Crystalline structure of the carboxyl-functionalized
magnetic nanogel was illustrated in Figure 4. The six
characteristic peaks occurred at 20 of 30.1, 35.5, 43.2,
53.5, 57.0, and 62.8, represent corresponding indices
(220),(311),(400),(422),(511), and (440), respectively, of
Fe;04 according to standard XRD data cards of Fe;O,
crystal (JCPDS No. 19-0629). This revealed that crys-
talline structure of Fe;0, was not affected by UV irra-
diation, namely, core of the carboxyl-functionalized
magnetic nanogel was Fe;O,.
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Figure 4 XRD patterns of (a) Fe;O4, (b) carboxyl-function-
alized magnetic nanogel.
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Figure 5 TG curve of the carboxyl-functionalized magnetic
nanogel.

As presented in Figure 5, an 8.5% weight loss of the
magnetic nanogel was observed in the temperature
range from room temperature to 120°C. This indicated
that water (including bound water) was contained in
the magnetic nanogel. The polymeric shell was
decomposed at about 180°C and finished at about
460°C. The polymeric extent was determined to be
6.7%. Magnetic content of Fe;O4 was calculated to be
84.9% in dried state.

Particle size and morphology

The carboxyl-functionalized magnetic nanogel was
about 16 nm in diameter, with a polydispersity index
of 0.347 [Fig. 6, 5pmaa(dropped) = 0.5 mL, irradiation
time = 30 min], which was broader than that of the
Fe;O4 core (0.187). This might be caused by by-prod-
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Figure 6 Size distribution of the magnetic nanogel meas-
ured by PCS.
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Figure 7 AFM image of the carboxyl-functionalized mag-
netic nanogel.

uct of photochemical synthesis (aggregated magnetic
nanogel) and could be improved by centrifugation.
Using XRD data, the average crystal size in diame-
ter of the carboxyl-functionalized magnetic nanogel
could be estimated using Debye—Scherrer formula:

09 x A

D) = B x cos O

where A represents the X-ray wavelength (1.5418E),
B is FWHM (full-width at half-maximum) of peaks,
0 is the Bragg angle, D(hkl) is the calculated crystal
size in diameter.

From its reflection of (311) (see Fig. 4), D(hkl) was
calculated to be 12.8 nm. The difference in particle size
between PCS determination and XRD analysis was
arising from the two different measurements. PCS
was usually used in determination of hydrodynamic
diameter of nanoparticles while Debye—Scherrer for-
mula was used to estimate average crystal size in
dried state. Accordingly, particle size obtained by PCS
was undoubtedly larger than D(lkl) because of the
hydrated layer.

It is known that the condition for superparamagnet-
ism is KV " kT, where KV is the anisotropy energy and
KT is the thermal agitation energy. When size of the
magnetic crystallite is below the critical size of 25
nm,"” the magnetic crystallite exhibits superparamag-
netic behaviors. According to the values of particle
size obtained by PCS determination and XRD analysis,
the magnetic nanogel should be superparamagnetic.
Nevertheless, it was needed to be proved by further
VSM measurement.

Since the reaction medium was free of crosslinker,
thus tight polymeric crosslinked network could not be
formed on the surface of Fe;0O4 nanoparticles and sur-
face of the synthesized magnetic nanogel should be
with loosed structure. This assumption was confirmed
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by the evidence of AFM image (Fig. 7), and core-shell
structure was clearly obtained.

Magnetic properties

Magnetic properties of carboxyl-functionalized mag-
netic nanogel were measured by VSM. Saturation
magnetization of the magnetic nanogel was measured
to be 61.6 emu g '. The immeasurable coercive and
remanence suggested that superparamagnetic proper-
ties were retained for Fe;O, after surface coating (Fig.
8). These data confirmed the conclusion that the mag-
netic nanogel was superparamagnetic drawn by use
of particle size of the magnetic nanogel.

Taking into account the polymeric coating layer and
a trace amount of water (including bound water), sat-
uration magnetization of the carboxyl-functionalized
magnetic nanogel was calculated to be 65.1 emu g/,
which was slightly decreased in comparison with that
of naked Fe;O, because of surface coa’cing.23 Another
tendency towards lower magnetization might be the
oxidation of the surface of magnetite during the poly-
merization process, which led to the formation of a
trace amount of maghemite, whose saturation mag-
netization (76 emu gfl) was lower than that of bulk
magnetite (92 emu g ).

Furthermore, excellent magnetic response, which
was desirable for magnetic separation, was guaran-
teed by the high magnetic content and strong magnet-
ization of Fe;Oy,.

Zeta potential

With respect to zeta potential, it plays an important
role in the stability of nanopartilces. It is reported that
isoelectrical point of Fe;O, is about pH 7.0, and hence
Fe;O, nanoparticles inclined to aggregation under
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Figure 8 Hysteresis loops of (a) Fe;O4, (b) carboxyl-func-
tionalized magnetic nanogel.
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Figure 9 Zeta potential curve measurements versus pH.

neutral condition. As shown in Figure 9, isoelectrical
point of the carboxyl-functionalized magnetic nanogel
was determined to be pH 7.7. The magnetic nanogel
had a zeta potential of +19 mV in comparison with
0 mV of Fe;O4 at pH 7. It was anticipated that the
carboxyl-functionalized magnetic nanogel had better
stability than naked Fe;O4 nanoparticles under neutral
surrounding condition, and polymeric coating layer
could provide stability against aggregation for the
magnetic nanogel.

CONCLUSIONS

In this article, carboxyl-functionalized magnetic nano-
gel was synthesized via photochemical method. The
carboxyl-functionalized magnetic nanogel was with
loosed structure. Average hydrodynamic diameter of
the magnetic nanogel could be manipulated by vary-
ing the irradiation time, volume of monomer dropped
and so on. Crystalline structure of Fe;O; was not
affected by xenon lamp irradiation and surface coat-
ing. The magnetic nanogel behaved superparamag-
netic. Photochemical method represented an eco-
nomical and facile ““green”” process for preparation of
functional magnetic nanogels in a wide variety of
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compositions. The synthesized magnetic nanogels
with functional groups could be utilized as carriers in
enzyme immobilization, biosensor, and MRI contrast
agent and suchlike in future.
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