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ABSTRACT: A new method for the preparation of mag-
netic nanospheres is reported. It involved the dispersion of
an aqueous phase containing Fe®*, Fe*", or/and Ni*" ions
into droplets in an organic medium with an amphiphilic
block copolymer, which was synthesized through atom
transfer radical polymerization at a lower temperature
(70°C) and was then sulfonated by sodium hydrogen sulfite
in tetrahydrofuran as a surfactant. A reduction was carried
out in the water pool as a microreactor, which resulted in
the yielding of polymer/magnetite particles. The size of the
prepared spheres could be tuned up by variation of the

preparation conditions, including the stirring speed, copoly-
mer content, and so on. The average diameter was homoge-
neous and was about 10 nm. The magnetic nanospheres,
whose saturation magnetization of magnetic nanoparticles
of 3.8 X 1072 emu/g was less than their bulk counterparts,
exhibited characteristics of superparamagnetism. © 2008
Wiley Periodicals, Inc. ] Appl Polym Sci 110: 1664-1670, 2008
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INTRODUCTION

Magnetic nanospheres display magnetic properties
different from their bulk material counterparts.
These unique properties originate from the sizes of
the particles, which are below a critical diameter for
magnetic domain wall formation. In the absence of
an externally applied magnetic field, thermal energy
can be sufficient to cause the magnetic moments in
these single-domain particles to equilibrate and over-
come any preferential orientation. However, when
the particles are placed in an external magnetic field,
their magnetic moments align rapidly in the direc-
tion of the field and the materials display a net mag-
netization. When the magnetic field is removed, the
thermal energy is again sufficient to cause the par-
ticles” vector moments to fluctuate randomly. The
magnetization of the magnetic nanosphere investi-
gated in this study disappeared when the external
field was removed (i.e., they had near-zero magnetic
remanence and coercivity) in a short while relative
to the experimental time. These properties indicated
superparamagnetic behavior of the magnetite nano-
sphere, which suggests that it may be ideal for com-
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ponents of vehicles for magnetic-field-directed deliv-
ery of therapeutic agents.

Magnetic nanospheres can be dispersed in carrier
fluids through specific interactions between the par-
ticle surfaces and selected low-molecular-weight or
polymeric surfactants. Such fluid dispersions of
small magnetic particles are known as ferrofluids."
Magnetic attractive forces combined with inherently
large surface energies (>100 dyn/cm)® can favor
nanosphere aggregation in magnetic dispersions.'”
Thus, the properties of the surfactants and the na-
ture, as well as the concentration, of binding sites
between surfactants and the particle surface are im-
portant for obtaining good dispersion (without parti-
cle aggregation).

The current and potential applications for mag-
netic nanomaterials in electronics and biotechnology
are diverse. Nanomagnetic films have great promise
for electronic and electrical devices, sensors, electro-
magnetic shielding, and high-density digital stor-
age.* Biomedical applications under current investi-
gation include retinal detachment therapy,” cell sepa-
ration methods,®” tumor hyperthermia,® improved
MRI diagnostic contrast agents,”” ' and magnetic-
field-guided carriers for localizing drugs or radioac-
tive therapies.'**

The nanosphere surface can influence material du-
rability in biological environments. These particles
must remain nonaggregated, be stable against oxida-
tion, and display high magnetization during applica-
tions. Transition metals can offer high magnetization;
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unfortunately, they are sensitive to oxidation, which
results in a loss of magnetic response because of the
formation of antiferromagnetic oxides. Currently,
oxidization of the transition metals remains a hurdle,
especially in biomedical, oxygen-rich environments.
Iron oxides, such as magnetite (Fe;0,) and maghe-
mite (y-Fe,Oz), are more stable against oxidation.
These materials can be formed at low temperatures
and under mild conditions and display strong ferri-
magnetic behavior. In addition, previous investiga-
tions have shown that magnetite has high LDs, (the
dose that will kill 50% of the tested group) values
(LDsp in rats = 400 mg/kg) and polymer-coated
magnetite has not shown any acute or subacute tox-
icity in animal studies."

Magnetite particles are commonly prepared by the
condensation of divalent and trivalent iron salts
reacted with hydroxide bases (pH = 9.5-10). The
magnetite crystal structure forms readily in aqueous
media. Methods to prevent agglomeration include the
use of electrostatic and steric (entropic) stabilizers.
Aqueous dispersions have been reported with electro-
static stabilizers,'® bilayer surfactants,'” " polymers as
steric stabilizers,>'*° and polymer templates.”” Many
of the reported stabilizers were not designed with
functional groups to bind to the magnetite surface,
and thus, their dispersion stability was limited.

The microemulsion method has been used to control
polymer morphologies. In this article, we report the
preparation of amphiphilic diblock copolymers contain-
ing controlled concentrations of sulfonic groups
(—SO;H) in the segments of poly(butyl methacrylate)-
block-poly(glycidyl methacrylate) (P(BMA-b-GMA)). A
method for the preparation of magnetite nanospheres
and subsequent stabilization and dispersion with these
polymers is described. The reverse microemulsion con-
sisted of aqueous domains dispersed in a continuous oil
phase. Under appropriate conditions, a variety of reac-
tants could be introduced into the nanosized aqueous
domains for reaction, which led to materials with a con-
trolled size and shape. These small aqueous domains
could be viewed as nanoreactors for the synthesis of
magnetic nanospheres. The resultant polymer-coated
magnetite nanosphere was 10 nm in diameter. They
were dispersible in both water and organic solvents,
both of which were good solvents for P(BMA-b-GMA).
These dispersions were stable in pH ranges common for
biological systems and at the isoelectric point of
uncoated magnetite (pH ~ 6.8)." The microemulsion
synthesis theme is schematically illustrated in Figure 1.

EXPERIMENTAL
Preparation of the block copolymer

Polymerization was carried out with Schlenk techni-
ques under an argon atmosphere. To a dry, 10-mL,
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Figure 1 Preparation of the magnetic nanospheres.

round-bottom Schlenk flask with a magnetic stirring
bar, the solvent 4-methy-2-pentanone (which could
make the initiator dissolve to obtain homogeneous
system to result in a more rapid reaction), the ligand
(Phen), Cu, and CuCl, were added. After that, the
flask was closed with a stopcock. The contents of the
flask were then placed in vacuo, and the flask was
backfilled with argon three times to remove oxygen.
The degassed monomer and solvent were then
added by a syringe. After the mixture was stirred at
room temperature until it was homogeneous, the ini-
tiator p-methyl benzenesulfonyl chloride was added,
and the flask was immersed in a water bath kept at
the desired temperature.

After some minutes, the second monomer was
directly added. At timed intervals, some samples,
which were used for the determination of percentage
monomer conversion and molecular weight by gas
chromatography and gel permeation chromatogra-
phy, respectively, were withdrawn via syringe and
diluted with tetrahydrofuran (THF).

Finally, the flask was removed from the water
bath, and the mixture was diluted with THF. The so-
lution was passed over a column with neutral alu-
mina to remove the catalyst, after which the remain-
ing solution was concentrated by rotary evaporation;
the product was then dried at 60°C in vacuo.

Sulfonation of the block copolymer

Sulfonation was carried out according to the
procedure described by Kim et al.?® In an agitated
reactor, the polymer was dissolved in THF at 40-
60°C. Then, a water solution of sodium hydrogen
sulfite was added under stirring. Samples were
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removed at the desired reaction time intervals and
precipitated in methanol or deionized water (1 L/10
g of polymer used). The highly sulfonated polymer
was partially soluble in methanol or water, which
was recovered by steam stripping and vacuum-dried
at 80-90°C for a few days.

The complete removal of residual acid from the
final product after sulfonation was important
because it could interfere with the properties of the
final product. The dried polymer was washed once
with boiling deionized water and then washed many
times with cold water until a neutral pH of the
sewage was obtained. It was finally vacuum-dried at
80-90°C for the last time.

The titration of the polymer against a standard po-
tassium hydroxide solution (0.1N) with phenol-
phthalein as an indicator showed a sulfonation level
higher than 90%. The sulfonated polymer structure
was characterized by Fourier transform infrared
(FTIR) spectroscopy.

Preparation of the magnetic nanopolymer

Magnetite was produced according to a literature
method.” Nickel, zinc, and manganese ferrites nano-
spheres were synthesized with the reverse micro-
emulsions, which were spheroidal aggregates formed
when the sulfonated block polymer was dissolved in
a selected organic solvent. They were both formed
with and without water. If the medium was com-
pletely free of water, the aggregates were very small
and polydisperse. Otherwise, they were readily solu-
bilized in the polar core and formed a so-called
water pool, which was characterized by the water/
surfactant molar ratio. The aggregates containing
small amounts of water were called reverse micelles,
whereas the microemulsions corresponded to drop-
lets containing a large amount of water molecules.*
The reverse microemulsion was first produced to
carry out a reaction within it. They were obtained by
the rapid agitation of the polymer and selected or-
ganic solvent, which was defined as the primary
microemulsion. Then, the primary microemulsion was
divided into two halves and added to the aqueous
solutions of the reactant salts [iron sulfate and metal
(Ni, Zn, Mn) sulfate] and the precipitating agent
(NH4OH). Thus, two microemulsions were made,
one consisting of the reactant sulfate salts inside the
reverse microemulsion (I) and the other consisting of
the precipitating agent inside the reverse microemul-
sion (II). The two microemulsions were mixed and
subjected to rapid mechanical stirring. The reverse
microemulsion present in the organic phase moved
around in the entire volume of the organic phase in
a random Brownian motion. As a result, they col-
lided with each other. These collisions resulted in
the fusion of two reverse micelles to form a transient
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dimer. The dimer had a very short life, and it broke
again into two reverse micelles with contents from
one reverse micelle completely transferred into the
other. The collisions might have also resulted in the
diffusion of the contents from one reverse micelle
into the other. In both cases, we obtained a system
with both the reactants and the precipitate in the
same reverse microemulsion. After a precipitation
reaction, metal ferrite was obtained.

The reactant salt solution was composed of
hydrated iron sulfate and hydrated metal sulfate
(nickel, zinc, or manganese sulfate) in stoichiometric
quantities according to the product, that is, for
MFe,Oy (i.e., [Fe2+]/[M2+] = 2). In microemulsion
II, ammonium hydroxide was the precipitating
agent. The two microemulsions were subjected to
rapid mechanical stirring for 30 min. The metal
hydroxides were precipitated within the water pools
of the reverse micelles and oxidized to ferrite. The
precipitation of ferrite occurred according to the fol-
lowing reaction:

MSO4 . 6H20 + ZFeSO4 . 7H20 + 6NH4OH + 1202
— MF8204 l + 16H20 + 3(NH4)2SO4

After rapid mechanical stirring, methanol was added
to the resulting mixture to extract the polymer and
the organic selected solvent. The resulting liquid was
separated by a centrifuge, and the ferrite product was
washed with a lot of methanol. The solid particles
contaminated with the polymer were settled down in
the solution. The ferrite was then dried in an oven at
100°C. Morphology characterization of the ferrites was
carried out with transmission electron microscopy
(TEM). The magnetic properties of the ferrites were
characterized by vibrating sample magnetometry in
terms of the effect of applied field on magnetization.

RESULTS AND DISCUSSION
Preparation of the well-defined block copolymer

We monitored the kinetics and molecular weight
growth of the polymerization of butyl methacrylate
(BMA) and glycidyl methacrylate (GMA) by periodi-
cally removing samples from the reaction mixture
and then analyzing them with the help of gel perme-
ation chromatography and gas chromatography. The
experimental data of the atom transfer radical poly-
merization (ATRP), including the reaction tempera-
ture, the number-average molecular weight, the mo-
lecular weight distribution of the polymer, and con-
version, are presented in Table I

Some research indicated® that with increasing
reaction temperature, the rate of polymerization
increased, whereas the ratio of rate constant for
propagation/rate constant for radical termination
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TABLE I
ATRP Results of BMA and GMA at Different
Temperatures
Temperature Conversion
(OC) Mn,sec Mw/Mn (0/0)
70 12,300 1.07 80
75 14,900 1.18 87
80 15,680 1.22 89
90 16,750 127 90

M., weight-average molecular weight; M,, number-aver-
age molecular weight.

(ki/k,) descended; then the termination reactions
would be controlled. Furthermore, from these data,
we found that it can improve the efficiency of initia-
tion when the temperature rises, but the molecular
weight distribution also becomes wide. The reason is
that the diradical termination reactions clearly
increase in the system, then large numbers of irre-
versible copper(Il) are generated, and as a result, the
reaction cannot be well controlled. So reactions with
a low temperature and long time are better for
obtaining copolymers with a narrow distribution for
the ATRP reaction. According to our study, the opti-
mal temperature and reaction time were 70°C and 12 h,
respectively.

Figure 2 shows the kinetic plot of the ATRP of
BMA and GMA at different temperatures. The
monomer conversion increased gradually along with
the extension of reaction time. Also, the reaction rate
increased linearly with time; in other words, the
relation between the apparent reaction rate and
monomer concentration conformed to first-order
reaction kinetics. So the living polymerization came
true, and the concentration of the propagating chain
free radical remained at a constant quantity in poly-
merization. The rate laws were derived as follows:

d Cu
mz—%?:@WMH=M%M%ﬂ%%N]“)
K, kact _ [P] [CU(H)X] (2)

i kdeact [Cu(I)] [PX}

where R, is the propagation rate, [M] is the mono-
mer concentration, t is time, [P-] is total radical con-
centration, [In] is initiator concentration, [Cu(I[)X] is
concentration of Cu(Il) chloride, [PX] is concentra-
tion of polymer chloride, K,, is equilibrium constant
for exchange reaction, k, is rate constant for activa-
tion, kgeact iS rate constant for deactivation, [P;] is
concentration of active chain with length i, [P;X] is
concentration of poly chloride with chain length i,
[M], is initial concentration of monomers, k,**F is
appearance rate constant for propagation, and R; is
bimolecular termination reaction rate.
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Figure 2 Kinetic plot of the ATRP of BMA and GMA at
different temperatures.

Where [Il’l] = [PX]/ [P] - 2?:1 [PJ, and [PX] =
7 [PiX]. If [P] is constant

M a
m[%] _ [Pt = kPPt 3)
In addition
Ry k[P 4
R, ky[M] @

According to egs. (1) and (4), R;/R, would increase
when the monomer concentration decreased, which
would result in an increase in radical combination
termination. Then, the molecular weight distribution
would become wide. Thus, it was not suitable
because it would prolong the reaction time to an ex-
cessive degree. By our experiments, the optimal reac-
tion temperature and time were 70°C and 12 h,
respectively, for higher conversion and with a result-
ing copolymer with a narrow distribution for by
ATRP.

Sulfonation of the block copolymer

In terms of the sulfonation reaction, the polarity of
the solvent dissolving the polymer is one of the
most important factors. As shown in Table II, if the
solvent’s polarity was strong, just as for dimethylfor-

TABLE II
Effect of the Kind of Solvent on Sulfonation
Solvent THF Benzene DMF Cyclohexane
Sulfonation
degree 91% 10.5% 7.6% 0

The reaction time was 8 h, and the temperature was
50°C.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Conversion of sulfonation at different tempera-
tures. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

CHEN, JIAO, AND LI

mamide (DMF), it could integrate with water at first
when the sulfonation agent water solution was
added and lead the polymer to separate out from
the system during the reaction, which resulted in it
being more difficult for the polymer to collide and
react with both of the reactants; then, the sulfonation
rate was low. On the contrary, the polymer would
not dissolve in the solvent whose polarity was too
weak. Thus, THF, whose solubility parameter was
close to the value of the polymer, was a suitable
solvent.

Figure 3 compares the conversion of the sulfona-
tion at different temperatures. The figure indicates
that the conversion increased along with the reaction
time. The reason is that epoxy group was embedded
in the polymers in the reaction system. Furthermore,
the long chain had stronger steric hindrance. So the
reaction carried through gradually, and the reaction
time was prolonged for a higher conversion.
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Figure 4 FTIR diagrams of the block copolymers before and after sulfonation.
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Figure 5 TEM image of a magnetite sample.

Temperature was another factor in this reaction. A
higher temperature was beneficial for the open-loop
reaction of the epoxy group, which made the move-
ment of ion-exchange equilibrium faster, lowered the
steric hindrance, and then increased the contact
chance between the chain and the sulfurous acid
group, which led to an increase in the conversion.
However, when the temperature reached 60°C, the
system lost solvent fast, even in the reflux condition,
which led more polymer to be separated from the
system, and the temperature as a stimulus was
weakened; then, the conversion dropped off.

The structure of the polymer samples before and
after sulfonation was characterized by FTIR. The
results are given in Figure 4. The FTIR diagram of
the block polymer P(BMA-b-GMA) and the sulfo-
nated polymer are given in Figure 4(a,b). All charac-
teristic adsorption peaks of the epoxy group at
1239.46, 970.40, and 765.92 cm ™' are present in Fig-
ure 4(a). Nevertheless, these adsorption peaks disap-
peared in Figure 4(b), whereas the characteristic
adsorption peaks of the sulfonation group appeared.
This proved that the epoxy group was really trans-
formed into the sulfonation group.

Morphology and characterization of the
magnetic nanopolymer

Figure 5 shows a typical TEM image of the nano-
spheres’ morphology and complex microconstruc-
tion. The average diameter was about 10 nm by cal-
culation. Microspheres were in a single particle state
and presented a polyphase structure of nucleus and
shell. The surface of the microsphere was lipophilic
PBMA, which was light, and the interior was the
metallic oxide embedded by hydrophilic sulfonated
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PGMA, which was dark. The spheres had good uni-
formity. The surface shape of dysphasia was irregu-
lar because the metallic oxides did not crystallize in
the reaction.

The system that we studied involved the use of
sulfonated P(BMA-b-GMA) as the surfactant. In the
process of magnetic nanosphere preparation, total Fe
content and stirring speed obviously had an effect
on the size of the nanosphere. In our experiments,
the particle size linearly increased with Fe content.
The effect of stirring speed on the size is shown as
Figure 6, which indicates that the particle size
decreased with increasing stirring speed in the be-
ginning stage. However, the size remained invariable
when the stirring speed exceeded 800 rpm.

The magnetic properties of the dried, polymer-
coated magnetite nanoparticles were investigated
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Figure 7 Magnetization curve of a microsphere sample.
M is magnetization and H is magnetic intensity.
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with vibrating sample magnetometry. Measurements
of the magnetite specific magnetization versus
applied field yielded qualitatively similar results
for all samples. An exemplary data set is shown in
Figure 7. It shows a magnetization curve of the
nanospheres dispersed in water at room tempera-
ture. The particles were essentially superparamag-
netic, possessing little hysteresis, which suggested
minimal agglomeration of the magnetite nanopar-
ticles. The saturation magnetization was 1.9 x 10~*
emu/g. Because the magnetite content was 5% in
this sample, the saturation magnetization per gram
of magnetite was 3.8 X 10 °emu/g. The saturation
magnetization of the magnetic nanospheres was
lower than that of the bulk materials; however, it
was normal for nanoparticles. Typical reasons for
this include the reaction or complexation of the sur-
face atoms of the magnetic nanoparticles with sur-
factant, which may have created a magnetically dead
layer.>* With a significant fraction of surface atoms,
any metallic oxide disorder within the surface layer
may also lead to a significant decrease in the nano-
particle saturation magnetization.

CONCLUSIONS

ATRP at a lower reaction temperature was used to
prepare functional polymers [P(BMA-b-GMA)] with
narrow distribution. In the presence of sodium
hydrogen sulfite, P(BMA-b-GMA) was sulfonated in
THF at 50°C. The sulfonated P(BMA-b-GMA) was
used as a surfactant to disperse under vigorous stir-
ring in a selected solvent, which included oil-phase
containing P(BMA-b-GMA) and magnetite nanopar-
ticles as droplets. Magnetic nanospheres were suc-
cessfully synthesized. The size of the spheres pre-
pared could be tuned by variation of the preparation
conditions, including the stirring speed, copolymer
amount, and so on. This allowed us to tune the oil
dispersability and magnetic response of the spheres.
The magnetic nanospheres exhibited characteristics
of superparamagnetism, an absence of hysteresis,
remanence, coercivity, and nonsaturation of mag-
netic moments at room temperature. The saturation
magnetization of manganese nanomicroparticles was
less than that of their bulk counterparts.

The authors thank Professor Gu (Southeast University) for
providing magnetic property measurements.
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