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ABSTRACT: A novel preparation method of net magnetic
polymer nanogels with swollen shell was developed. UV-
induced photopolymerization of 2-hydroxyethyl methacry-
late (HEMA) was performed in the magnetite aqueous sus-
pension, free of any additive to obtain monodisperse mag-
netic nanogels with swollen shell. Owing to the step-growth
polymerization of the monomer, the particle size of mag-
netic nanogels can be conveniently manipulated by chang-
ing the irradiation time and the volume of the monomer
dropped. The crystalline structure of Fe;O, core and chem-
ical composition of PHEMA magnetic nanogels were char-
acterized by using X-ray diffraction, Fourier transform in-
frared spectroscopy, and thermogravimetric analysis, re-
spectively. Particle sizes, size distributions of magnetic

nanogels in swollen state and dry state were measured by
photo-correlation spectroscopy (PCS) and transmission elec-
tron microscopy (TEM), respectively. The morphology of
swollen magnetic nanogels and that of polymer capsules
obtained from magnetic nanogels etched by hydrochloride
acid were observed by TEM. The high magnetizations and
superparamagnetic behaviors of naked Fe;O, and magnetic
nanogels at room temperature were confirmed by the mea-
surement of hysteresis curves. © 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 101: 1283-1290, 2006

Key words: magnetic polymers; gels; photochemistry; step-
growth polymerization; swelling

INTRODUCTION

Magnetic nanogels are nanosized magnetic polymer
particles with core-shell structure, which are com-
posed of magnetic cores and crosslinked polymer gel
shells. The gel shell is a swelling macromolecular net-
work with unique structure and a large amount of
solvent in it. Different surface functional groups can
be obtained conveniently when different monomers
are used in the polymerization process. Moreover, the
oxidation, acid erosion, and aggregation of superpara-
magnetic Fe;O, particles can be weakened when
Fe;0, is encapsulated in the protective polymer shell.

Magnetic nanogels have attracted much attention
for many years because of their great potential appli-
cations in the fields of biotechnology and biomedicine,
such as enzyme immobilization, RNA /DNA purifica-
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tion, biosensors, immunoassays, magnetic targeted
drug carriers, magnetic resonance imaging (MRI) con-
trast agents, and hyperthermia.'”® Removal of toxic
metal elements and dyes in industrial wastes is also a
promising application of magnetic nanogels.”'°

Numerous methods have been developed to pre-
pare magnetic polymer composites with core—shell
structure, including emulsion polymerization, disper-
sion polymerization, and surface-initiated radical po-
lymerization."''~'* However, it is not easy to obtain
net magnetic nanogels with the conventional thermo-
chemical polymerization methods, in which the sur-
factants and initiators are usually involved. The resid-
ual of toxic additives in the final products limits the
special applications of magnetic nanogels in biomed-
ical fields.

Photopolymerization of various monomers in alco-
hol can be also initiated by ultrasmall semiconductor
particles.'*'” It has also been reported by Stroyuk et al.
that colloidal semiconductor nanoparticles turned out
to be efficient photoinitiators of butylmethacrylate po-
lymerization in alcohol system via a free radical pro-
cess.'®

Presently a novel approach to synthesize superpara-
magnetic nanogels has been proposed via photochem-
ical reactions at room temperature in an emulsion and
initiator free aqueous system in our group, via which
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Figure1 Schematic representation for the synthesis of OH-
functionalized magnetic nanogels by photochemical ap-
proach.

the poly (acrylamide) magnetic nanogels were pre-
pared. After Hoffmann degradation, the nanogels
with amino groups were obtained and used as mag-
netic targeted radiopharmaceutical carriers."”

In this study, a one-pot photopolymerization reac-
tion was developed to prepare OH-functionalized
magnetic nanogels by using 2-hydroxyethyl methac-
rylate as monomer (Fig. 1), and characterized by using
X-ray diffraction (XRD), Fourier transform infrared
spectroscopy  (FTIR), thermogravimetric analysis
(TGA), photo-correlation spectroscopy (PCS), and
transmission electron microscopy (TEM), respectively.
The magnetic properties of magnetic nanogels at room
temperature were also characterized by the measure-
ment of hysteresis curves.

EXPERIMENTAL
Materials

2-Hydroxyethyl methacrylate (HEMA) purchased
from Acros was vacuum distilled. N,N'-methylene-
bis(acrylamide) (MBA) served as crosslinker was re-
crystallized prior to use. All other chemicals were of
analytical grade from Shanghai Chemical Reagents
Company (China), and used without further purifica-
tion, including ferric chloride hexahydrate (FeCl; -
6H,0), sodium sulfite (Na,SO;) and ammonium hy-
droxide (25% [w/w]). An 8 W low-pressure mercury
lamp array was used as UV light source (Fig. 2). Pure
N, (99.99%) were used as protective gas from oxygen
during the experiment. Pure water was used as sol-
vent.

Preparation of Fe;O, nanoparticles

Superparamagnetic Fe;O, was synthesized by reduc-
tion-coprecipitation method. Ferric chloride (6.49 g)
was dissolved with 100 mL pure water, and charged
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into a 500 mL three-necked flask. N, was bubbled
throughout the preparation process. Then, 50 mL of
0.16M sodium sulfite solution was slowly added into
the flask. After the solution in the flask turned from
red to yellow, diluted ammonia, prepared with 12 mL
of concentrated ammonia and 40 mL pure water, was
rapidly injected into the flask with vigorous stirring.
The reaction was kept at 70°C for 30 min, and matu-
rated for 2 h at room temperature. The black precipi-
tate was separated by a magnet and washed several
times with pure water until a pH of 7.0 was obtained.
The slurry was at last dispersed in pure water.

Preparation of PHEMA magnetic nanogels

PHEMA magnetic nanogels were prepared by UV
irradiation in a 100 mL three-necked quartz flask
equipped with an anchor stirrer and a N, inlet at room
temperature. The flask was fixed at the middle of the
space between two parallely placed low-pressure mer-
cury tube lamps (8 W, Philips Ltd.; major spectral
energy distribution at 254 nm) apart by a distance of
10 cm (Fig. 2).

The process is as follows: the ferrofluid synthesized
as mentioned earlier was sonicated for few minutes,
and then 1 mL of ferrofluid (containing 6.8 mg Fe;O,)
was introduced into the flask containing 40 mL aque-
ous solution of HEMA (50 uL) and MBA (5 mg). The
system was stirred and bubbled with N,. After 20 min,
the mixture was exposed under UV irradiation for 4
min. Then 10 mL of water containing 450 uL. HEMA
was added dropwise to the flask, the mixture was kept
with irradiation and agitation for another 10 min. The
PHEMA magnetic nanogels were at last recovered
from the reaction system by placing the flask on a
permanent magnet and washed several times with
pure water. The samples for FTIR, XRD, and VSM
measurements were prepared by drying the net mag-
netic nanogels in a vacuum drier at 25°C.

Characterization

Fourier transform infrared spectroscopy (FTIR) spec-
tra of both unmodified and modified magnetic nano-

/ﬂirrer
drop .

IMOMoIMmEer
H, inlet

low pressure
mercury lamp

lampshade

Figure 2 Schematic illustration of the photo-reactor.
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Figure 3 X-ray diffraction patterns of (a) Fe;O, nanopar-
ticles and (b) PHEMA nanogels.

particles were recorded on a FTIR spectrophotometer
(Nicolet) with a KBr pellet. X-ray diffraction measure-
ments (XRD) were performed on an X-ray diffractom-
eter (Rigaku, Cu Ka radiation, A = 0.1542 nm). Ther-
mogravimetric analyses (TGA) were done by heating a
10.9 mg sample from room temperature to 600°C un-
der N, atmosphere at a heating rate of 10 K min™’,
with a thermal analyzer (ZSCH STA 409). The mor-
phology of magnetic nanogels were observed using a
transmission electron microscope (TEM, PHILIPS
CM120) at 80 kV, and the average particle size in dry
state was calculated from five TEM images. Mean
hydrodynamic diameters and diameter distributions
were measured by a particle size analyzer (Malvern
3000HS Zetasizer) with photo correlation spectroscope
(PCS) analysis at 25°C. Magnetic measurements were
recorded on a vibrating sample magnetometer (VSM,
Princeton Applied Research Model 155) at 25°C.

RESULTS AND DISCUSSION
Characterization of Fe;O, nanoparticles

The magnetic nanoparticles were prepared by partial
reduction of ferric ion by using sodium sulfite as a
moderate reducing agent and succeeding coprecipita-
tion by diluted ammonium hydroxide. The morphol-
ogy of Fe;O, particles was nearly spherical, and the
mean size was about 14 = 1 nm, according to the TEM
image. The X-ray diffraction pattern of Fe;O, nano-
particles is shown in Figure 3(a), which was in accor-
dance with those of standard XRD data cards of Fe;O,
crystal (JCPDS No.19-0629). The mean diameter cal-
culated from the XRD pattern in Scherrer formula'®
was about 13 nm, which was consistent with the result
of TEM in error range. Figure 4(a) shows the magne-
tization curve of Fe;O, nanoparticles. Superparamag-
netism of Fe;O, nanoparticles was confirmed by the
high value of saturation magnetization (66.3 emu g~ 1),
low remanent magnetization (0.34 emu g '), and im-
measurable coercivity (= 0 Oe) (Table I).
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Figure 4 Hysteresis curves of (a) Fe;O, nanoparticles and
(b) magnetic nanogels (at 25°C).

Preparation of magnetic nanogels

The PHEMA magnetic nanogels were prepared in
aqueous medium by UV photopolymerization. The
process is represented in Figure 1. Fe;O, nanopar-
ticles, crosslinker MBA and monomer HEMA were
mixed in a quartz flask. HEMA and MBA could be
adsorbed on the surface of Fe;O, primarily where the
concentration of monomer was much larger than that
in water. The molar extinction coefficient (de) of Fe;O,
at 254 nm was much larger than those of HEMA and
MBA, so when the system was exposed to UV light (A
= 254 nm), the surface of Fe;O, nanoparticles was
thought to absorb a majority of photons and the vinyl
molecules were excited and polymerized. Meanwhile,
OH radical produced from photo-catalysis of Fe;O,
could also initiate the polymerization of monomer
adsorbed on the surface of Fe;O,. Therefore, it was

TABLE 1
Magnetic Properties of Magnetite Particles and Magnetic

Nanogels

Sample
Fe;0, Magnetic

nanoparticles nanogels
M, (emu g™ ) 66.3 55.5
M, (emu g ) 0.34 1.18
H, (Oe) ~0 14




1286

~" @ HEMA

& reactive free radical
MBA

Figure 5 A schematic representation of UV initiation and
polymerization and crosslinking of the individual vinyl mol-
ecules to a spherically closed polymer shell. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

assumed that polymerization of HEMA and MBA ad-
sorbed by magnetic nanoparticles was initiated on the
surface of Fe;O,. So Fe;O, nanoparticles were coated
by a thinner and tighter crosslinked net because of a
relatively high ratio of crosslinker to monomer (1 : 10
w/w) at the first stage of the reaction. Figure 5 illus-
trates the process of UV initiation and polymerization
and crosslinking of the individual vinyl molecules to
spherically closed polymer shell. At the second stage,
polymer chains began growing on the crosslinked
layer by radical polymerization when HEMA solution
was dropped continuously. As a result, the outer layer
of the shell was made up of a quantity of polymer
chains, and crosslinking among polymer chains might
be reduced due to low ratio of crosslinker to monomer
in this process. Based on the assumption mentioned
earlier, we could expect that one nanogel particle con-
tains only one Fe;O, particle, and magnetic nanogels
with high magnetite content could be prepared by
adjusting the irradiation time and the volume of
monomer dropped, which is supported by the PCS
data and TEM images.

The effect of variation of irradiation time on mean
hydrodynamic diameter and diameter distribution of
magnetic nanogels was evaluated by PCS (Fig. 6). The
mean diameter had increased from 69.0 to 186.0 nm in
10 min while 450 uL of HEMA was added dropwise
into the flask. This result indicated that the thickness
of polymer shell had been increasing continuously at
the second stage because HEMA was involved in
chain propagation on the surface of magnetic nanogels
(shown as eq. (1)). A slow increasing trend (i.e., from
186.0 to 208.0 nm) was observed when a further irra-
diation for 20 min was performed. In fact, absorbing a
minority of photons, a little part of monomer and
crosslinker in aqueous solution should be polymer-
ized upon UV light at the first stage to produce linear
copolymer or crosslinked polymer particles (eq. (3)),
in which the chain propagation could also occur and
compete with the process on the surface of magnetic
nanogels at the second stage. In egs. (2) and (4), mag-
netic nanogels and polymer particles were formed as
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recombination of the radical on them and small mono-
mer radical causes termination. As a result, it made
the viscosity of suspension to increase and made chain
propagation on the shell of magnetic nanogels to de-
crease. At the same time, little of the radical of poly-
mer particles in solution might combine with each
other or with the radical of magnetic nanogels to form
bigger particle complexes (egs. (4) and (5)), which
were obviously observed in our experiment if irradi-
ation time was over 30 min. The collision and deacti-
vation of radical of magnetic nanogels could also re-
sult in the formation of magnetic nanogel complexes
(eq. (6)), which was observed by TEM. The possible
reaction mechanism at the second reaction stage of
magnetic nanogel can be illuminated with the follow-
ing equations:

FeM, + nM —

FeM, ., (the growth of magnetic nanogels) (1)
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Figure 6 Effect of irradiation time on the mean hydrody-
namic diameter and diameter distribution of the magnetic
nanogels [Vigya (dropped) = 450 pL]: (a) diameter distri-
bution curves by PCS; (b) dependence of mean hydrody-
namic diameter (the dark point) and width of the distributed
peak (the line segment) on irradiation time.
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FeM, + nM’ —
FeM, . , (the formation of magnetic nanogels)
(2)
HM, + nM —

HM,, ' (the growth of polymer particles) (3)

HM, ., + HM,,, — HM,_,, —HM

X+n X+n X+n

(the formation of polymer particle complexes)

(4)

FeM,,,+ HM, ., — FeM, ,, —HM

X+n X+n

(the formation of magnetic nanogel complexes)

(5)

FeMx+n‘+ FeMx+n. g FeMx+n _FeMx+n

(the formation of magnetic nanogel complexes)
(6)

where M, HM," (or HM,,, ), FeM," (or FeM,, ) rep-
resent radicals of monomer, polymer particles, and
magnetic nanogels respectively, and M, FeM,,,,
HM,.,, —HM,., and FeM, , A —FeM, , , (or FeM,, .
—HM, , ,)) denote monomer molecule, magnetic nano-
gel, polymer particle complex, and magnetic nanogel
complex, respectively.

Because complex reaction occurred in situation of
longer irradiation time mentioned earlier, 10 min was
selected as suitable irradiation time at the second stage
in our study.

Based on the chosen irradiation time, the particle
size of magnetic nanogels could be conveniently ma-
nipulated by adjusting the volume of HEMA dropped
at the second stage [Vygya (dropped)]. Mean hydro-
dynamic diameter of magnetic nanogels (measured by
PCS) ranged from 79.6 to 208.9 nm when Vigyma
(dropped) was adjusted from 0 to 500 nL (Fig. 7). It
should be noted that the increase in diameter is about
11 nm when nanogel particles are irradiated for 10
min without HEMA dropped, which is much smaller
than those with the addition of HEMA. This phenom-
enon gives us two indications: (1) despite no HEMA
added, magnetic nanogels grow in the second stage
because MBA and HEMA are not exhausted in the
first stage; (2) chain propagation on the shell of mag-
netic nanogels takes mainly place in the second stage
when HEMA is dropped into the system.

Chemical composition of PHEMA nanogels

Figure 8 shows the FTIR spectra of Fe;O, nanopar-
ticles (a) and PHEMA magnetic nanogels (b). The
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Figure 7 Effect of the added volume of HEMA on the mean
hydrodynamic diameter and diameter distribution of the
magnetic nanogels [irradiation time = 10 min]: (a) diameter
distribution curves by PCS; (b) dependence of mean hydro-
dynamic diameter (the dark point) and width of the distrib-
uted peak (the line segment) on Vypya (dropped).

existence of PHEMA shell was confirmed by the ap-
pearance of the characteristic bands of ester bonds
(ve—o, 1727 em ™, v, 1158 em ™), hydroxyl (vo_gy,
3600-3200 cm ') and saturated C—H vibration(2960
cm ! and 1455 cm ™! in curve (b). The bands at 1624
and 3396 cm ™! in curve (a) were assigned to the bend-
ing vibration of NH, groups and the stretching vibra-
tion of OH groups on the surface of Fe;O, nanopar-
ticles, respectively."

The XRD pattern for PHEMA magnetic nanogels is
shown in Figure 3(b). The position and relative inten-
sity of six characteristic peaks (26 = 30.1, 35.4, 43.2,
53.4, 57.1, and 62.7°) were consistent with the litera-
ture.”” The differences between curves in Figures 3(a)
and 3(b) are negligible, which indicates that the crystal
phase of Fe;O, was not changed by UV irradiation.

The TG curve of magnetic nanogels is shown in
Figure 9. The 2.8% weight loss of magnetic nanogels
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Figure 8 FTIR spectra of (a) Fe;O, nanoparticles and (b)
PHEMA magnetic nanogels.

was observed when the temperature rose from room
temperature to 120°C, which indicated the 2.8% water
content in magnetic nanogels. A 7.7% weight loss of
organic material occurred from 100 to 450°C, and then
a platform appeared. This indicated that the Fe;O,
content of magnetic nanogels in dry state was 92%.
The good magnetic sensitivity was guaranteed by the
high magnetite content of magnetic nanogels.

Size and morphology of magnetic nanogels

The mean hydrodynamic diameter of magnetic nano-
gels was analyzed as 186.0 nm, with a polydispersity
index of 0.327 (Fig. 7, cyan curve; [Vigya (dropped)
= 450 pL, irradiation time = 10 min]). The TEM
samples were treated by different methods. Figure
10(a) was the image of magnetic nanogels dried in
vacuum at room temperature, which indicated that
nanogel particles with a particle size of 16 * 2 nm
aggregated because of the strong magnetic interac-
tions. There is a noticeable discrepancy that the parti-
cle size from the TEM image is far smaller than that
from the PCS analysis. Since the thickness of the swol-
len polymer shell is determined greatly by its dispers-
ant, it is reasonable for the polymer shell to shrink at
the surface of the magnetite as the associated water is
vaporized when drying. An image of swollen mag-
netic nanogels was obtained by the process in which
the sonicated magnetic nanogels were immediately
freeze-dried in vacuum at —197°C (liquid N,) [Fig.
10(b)]. Figure 10(b) shows typical core-shell magnetic
nanogels with a particle size of 180 = 30 nm, in good
agreement with the diameter from PCS within the
experimental error. The hydrated polymer shell was
frozen instantaneously in liquid N, before shrinking,
and its morphology was kept as original at a low
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temperature while the associated water was pumped
out. Therefore, the TEM image [Fig. 10(b,c)] represents
an approximate morphology of magnetic nanogels in
water medium. It was noticeable that for most mag-
netic nanogels one nanogel particle contained only
one Fe;O, particle. This may be a good proof for the
former assumption that polymerization of HEMA and
MBA is induced on the surface of Fe;O,. As for a few
bigger nanogels with two cores, it is considered that
two nanogels collide and agglutinate to form a mag-
netic nanogels complex mentioned as shown in eq. (6).

For a further investigation of the morphology of the
swollen polymer shell without the core, the third TEM
sample [Fig. 10 (d)] was prepared as follows: hydro-
chloride acid (6M HCl) was dropped into the suspen-
sion of magnetic nanogels to etch the core till no
magnetic fraction is collected by the external magnetic
field, and freeze-dried the sonicated suspension at
-197°C. Figure 10(d) exhibits the morphology of the
polymer shell with hairy surface. It was obvious that
polymer chains curled heavily on the surface of the
capsules, which were darker than the shells of nano-
gels in Figure 10(c). These capsules with a diameter of
60 nm were much smaller than nanogels in Figure
10(c), but their interior diameter (about 25 nm) was
larger than the size of Fe;O,. As a result of Fe;O,
etched by HCI, polymer capsules were dispersed in
salt solution (Fe**, Fe’*, and Cl~) and the sharp dis-
crepancy in the outside diameter was due to the fact
that salt solution changed the double electric layer,
and hydroxyl groups on polymer chains were inclined
to coordinate ferric and ferrous ions, which resulted
compression of the shell. Without the affinity between
magnetite and polymer, the polymer shell swelled in
water, so a cavity with a large diameter (25 nm) was
formed inside polymer shell. A higher ferric and fer-
rous concentration in the polymer capsules made
them darker in TEM image.
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Figure 9 TGA of magnetic nanogels.
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Figure 10 TEM images: magnetic nanogels dried (a) at room temperature and (b) freeze-dried in liquid N,; (c) a magnified

image of (b); and (d) hairy polymer shells.

Magnetic properties

Magnetic nanogels exhibit a good response in a
magnetic field and are fully collected from water
suspension by a permanent magnet in 1 min. Mag-
netization curves of naked Fe;O, and magnetic
nanogels are illustrated in Figure 4. The hysteresis
curves measured for both samples showed no hys-
teresis and were completely reversible at 25°C. The
saturation magnetization (M,), remanent magnetiza-
tion (M,) and coercivity (H,) were showed in Table

I. It has been known that the condition for super-
paramagnetism is KV~kT, where KV is the anisot-
ropy energy and kT is the thermal agitation energy.
When the size of an ultrafine magnetic crystallite is
below a critical number, it has only one magnetic
domain and shows no magnetism in zero magnetic
fields, namely behaving superparamagnetic. The
size of magnetic nanoparticles in this study was
below to the estimated critical number (25 nm).?! In
addition, from such low value as M, and H_, it was
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confirmed that naked Fe;O, and magnetic nanogels
behaved superparamagnetic at room temperature.
The saturation magnetization of PHEMA magnetite
nanogels was smaller than that of the magnetite by
a factor of 16%. The formation of the PHEMA shell
contributed as a nonmagnetic component to the to-
tal sample mass. Another tendency towards lower
magnetization may be the oxidation of the magne-
tite surface during the polymerization process,
which leads to the formation of a trace amount of
maghemite. Saturation magnetization of bulk
maghemite (76 emu g ') is lower than that of bulk
magnetite (92 emu g ).

CONCLUSIONS

The net PHEMA magnetic nanogels were synthesized
in an aqueous system free of any additive by a pho-
tochemical method. The particle size can be easily
adjusted by controlling the irradiation time and the
volume of monomer dropped. TEM images confirmed
the typical core-shell structure and hairy surface of
magnetic nanogels. Each nanogel particle contained
only one magnetite particle. Furthermore, compari-
sons between PCS and TEM indicated that the poly-
mer shell had a strong swelling capability. Superpara-
magnetism brought magnetic nanogels a potential to
biological application.
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