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f size-tunable
superparamagnetic/polymeric core/shell
nanoparticles by metal-free atom transfer radical
polymerization at ambient temperature†

Xiaobing Wang,‡ Ning You,‡ Fuqiang Lan, Peng Fu,* Zhe Cui,* Xinchang Pang,*
Minying Liu* and Qingxiang Zhao*

A facile route to fabricate size-tunable superparamagnetic/polymeric core/shell nanoparticles with uniform

distribution was introduced based on metal-free atom transfer radical polymerization at ambient

temperature.
Core/shell nanostructures,1,2 in which an inorganic nano-
particle as the core was surrounded by a layer of inorganic or
organic material, have been widely investigated both as
a method to improve the stability and surface chemistry of the
core materials and as a means of accessing unique physical and
chemical properties that are not possible from one nano-
structure alone.3 For example, the surfaces of metal or semi-
conductor nanoparticles are isolated by silica shells from
interfacial chemistry;4,5 semiconductor shells increase the
quantum yield of semiconductor nanoparticle cores;6 Au
nanoparticles allow covalent attachment of organic ligands with
thiol groups to generate unique optical properties;3,7 and poly-
meric shells aid the compatibility of inorganic nanoparticles as
cores in polymer hosts.8,9 Whereas inorganic shells are typically
grown from the surface of the core, many different methods
have been described for fabricating organic polymer shells, for
example, in situ polymerization from particle-bound initiators,10

direct attachment of functionalized polymers to surfaces of
inorganic nanoparticles,2,11 layer-by-layer deposition,12,13 and
synthesis of the nanoparticles in the presence of polymeric
ligands.14 In all of these cases, the specic chemical interaction
of the inorganic nanoparticle surface or the surface-bound
polymers must be explicitly tailored in order to form the
organic polymeric shell.15

Controlled free radical polymerizations (CRPs),16,17 as one of
the most far reaching developments in polymer design and
synthesis,18 allow facile access to functionalized polymers with
controlled and well-dened structures.17 Among the controlled
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free radical polymerization techniques, atom transfer radical
polymerization (ATRP) is the most utilized and operates via
a redox equilibrium process mediated by a ligatedmetal catalyst
[i.e., Cu(I), Ru(II), Fe(II), etc.] to make all the initiating sites
growing with same polymerization speeds for the polymers with
well-dened structures.19 However, for a variety of applications,
such as microelectronics, biomaterials, functional organic–
inorganic hybrid nanocomposites, etc., a key limiting factor in
using ATRP is metal catalyst purication and contamina-
tion.20,21 Although a signicant focus for the ATRP eld since
the initial discovery has therefore been directed toward
lowering catalyst loadings22 or removal of residual metals,21 it is
still difficult to widely utilize traditional ATRP technique for the
fabrication of functional organic–inorganic hybrid nano-
composites,23 and we envisaged that a much more viable and
ambitious solution to this grand challenge would be the
development of a metal-free catalyst system for ATRP in the
fabrication of organic–inorganic hybrid nanocomposites.18,24,25

Here we report an unconventional but robust strategy for the
fabrication of size-tunable superparamagnetic/polymeric core/
shell nanoparticles with uniform distribution by metal-free
ATRP at ambient temperature. Firstly, the hydroxyl group of
12-hydroxydodecanoic acid was modied by the reaction
between the hydroxyl group and 2-bromophenylacetyl bromide
to prepare bi-functional ligands as the metal-free ATRP initia-
tors, and then the bi-functional ligands reacted with iron(III)
oxide to prepare precursors of superparamagnetic Fe3O4 nano-
particles. Superparamagnetic Fe3O4 nanoparticles with
different sizes can be fabricated by in situ decomposition of
precursors by using different organic solvents with different
boiling points, and the bi-functional ligands as the metal-free
ATRP initiators capped on the surface of Fe3O4 nanoparticles.
Then MMA monomers were initiated to grow PMMA polymeric
chains from the initiating sites on the surface of super-
paramagnetic Fe3O4 nanoparticles by the metal-free ATRP
RSC Adv., 2017, 7, 7789–7792 | 7789
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Fig. 1 Representative TEM images of Fe3O4 nanoparticles capped
with metal-free ATRP initiating sites as ligands. (A) 50 nm; (B) 10 nm;
(C) 5 nm; (D) 2 nm.
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technique for the fabrication of core/shell superparamagnetic
Fe3O4/PMMA hybrid nanoparticles, composed of super-
paramagnetic Fe3O4 nanoparticles as core and PMMA chains as
shell with different sizes, 10-phenylphenothiazine as the pho-
tocatalyst under 380 nm LED irradiation at room temperature.
The dimensions of Fe3O4 nanoparticles can be adjusted by
changing the different organic solvents with different boiling
points: higher boiling point for larger size of Fe3O4 nano-
particles, and the thickness of PMMA polymeric shell can be
tuned by adjusting the LED irradiation time during the poly-
merization process.

As illustrated in Scheme 1, in order to synthesize bi-
functional ligands as the metal-free ATRP initiators, the
hydroxyl group of 12-hydroxydodecanoic acid was modied by
the reaction between the hydroxyl group and 2-bromophenyla-
cetyl bromide (Scheme S1†). Subsequently, the iron-carboxylate
complex with the metal-free ATRP initiating sites was prepared
by reacting iron(III) oxide and bi-functional ligands for the
precursors of Fe3O4 nanocrystals (Scheme S2†). The iron-
carboxylate complex was slowly heated to 320 �C in 1-octade-
cene solution, and then kept at that temperature for 30 min for
the synthesis of Fe3O4 nanocrystals under argon.26–28 When the
reaction temperature reached 320 �C, a severe reaction
occurred, at the same time, and the original transparent solu-
tion became turbid and brownish black. The nanocrystals can
be easily re-dispersed in various organic solvents, such as
toluene, chloroform, hexane and so on. During the forming of
Fe3O4 nanocrystals, the surface of nanoparticles was in situ
capped by bi-functional ligands with metal-free ATRP initiating
sites as end functional groups. In order to investigate the
architectures of Fe3O4 nanocrystals, TEM characterization was
carried out. The dark spherical structures in the TEM micro-
graphs corresponded to Fe3O4 nanocrystals (Fig. 1), and the
average diameter of nanoparticles was 12.1 � 1.1 nm based on
TEM images. X-ray diffraction (XRD) measurement also
conrms the crystal structure of Fe3O4 nanocrystals, and the
diffraction pattern of Fe3O4 nanoparticles was shown in
Fig. S1.† In addition, energy dispersive spectroscopy (EDS)
microanalysis was also used to conrm the composition of
Fe3O4 nanocrystals by combining the XRD characterization, as
shown in Fig. S2.† In order to determine the existence of organic
initiators on the surface of Fe3O4 nanocrystals, FT-IR and TGA
were used to characterize the metal-free ATRP initiators on the
Scheme 1 Schematic stepwise representation of the synthetic route
to core/shell PMMA-capped Fe3O4 nanoparticles by metal-free ATRP
based on PTH as photocatalyst.

7790 | RSC Adv., 2017, 7, 7789–7792
surface of Fe3O4 nanocrystals (Fig. S3 and S4†). The weight
fraction of organic initiators on the surface of Fe3O4 nano-
particles can be determined by TGA (4.8%). Based on TGA
result, the degradation temperature is about 368 �C, it is critical
to ensure the existence of organic initiators aer the prepara-
tion of Fe3O4 nanocrystals. The particle size of Fe3O4 nano-
crystals can be controlled by using different solvents with
different boiling points. For example, when reaction solvent was
changed from 1-octadecene to trioctylamine (b.p. 365 �C), the
particle size of the Fe3O4 nanocrystals can be changed from 12.1
� 1.1 nm to 22.3 � 2.9 nm, and the TEM images was shown in
Fig. S5.† The results of tuning the sizes of Fe3O4 nanocrystals by
using different solvents with different boiling points can be
explained by the higher reactivity of iron-carboxylate complex in
the solvent with higher boiling point.26

Subsequently, the metal-free ATRP initiating sites on the
surface of Fe3O4 nanocrystals was used to initiate the poly-
merization of methyl methacrylate (MMA) under 380 nm LED
irradiation at room temperature for the fabrication of Fe3O4/
PMMA core/shell nanostructures. In the metal-free ATRP
system, 10-phenylphenothiazine (PTH) was used as photo-
catalyst that was synthesized from phenothiazine and chloro-
benzene using C–N cross-coupling chemistry (Ered(PTHc+/PTH*)
¼ �2.1 V vs. SCE).18 The proposed mechanism of initiating
MMA polymerization is reversible electron transfer from
photoexcited PTH in order to reversibly activate the alkyl
bromide initiator. Aer the alkyl bromide initiator was reduced
by photoexcited photocatalyst, the radical was formed to initiate
MMA polymerization, at the same time, PTH as photocatalyst
was oxidized to stable radical cation species. Then the propa-
gating polymer radical was oxidized to form dormant species.
The whole process was cycled to form polymer chains (Scheme
This journal is © The Royal Society of Chemistry 2017
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1).18,24 Even if PTH as photocatalyst has been used for the metal-
free ATRP,18 for the rst time, metal-free ATRP by using PTH as
photocatalyst was utilized for the preparation of size-tunable
superparamagnetic/polymeric core/shell nanoparticles. In the
traditional ATRP process, a ligated metal catalyst [i.e., Cu(I),
Ru(II), Fe(II), etc.] was usually used to mediate the redox equi-
librium process. However, for functional organic–inorganic
hybrid nanocomposites, a key limiting factor in using ATRP is
metal catalyst purication and contamination. In our fabrica-
tion system, the thickness of PMMA polymeric shell can be
tuned by adjusting the LED irradiation time during the poly-
merization process. Firstly, the Fe3O4 nanocrystals with the
average diameter of 12.1 � 1.1 nm was used as example, PMMA
polymeric chains can grow on the surface of Fe3O4 nanocrystals,
PTH as the photocatalyst under 380 nm LED irradiation for 5 h
at room temperature. In order to further investigate the archi-
tectures of core/shell Fe3O4/PMMA nanostructures by TEM
characterization, PMMA polymeric shell was stained by ruthe-
nium tetroxide (RuO4).29 The clear�4 nm shell structures in the
TEM micrographs corresponded to PMMA domain as shell
(Fig. 2). In addition, in order to obtain real information about
PMMA graing chains, the detachment of PMMA chains from
the surface of Fe3O4 nanocrystals was carried out by dissolving
Fe3O4 nanocrystals in acid condition. A monomodal peak with
narrow distribution (PDI ¼ 1.20) can be obtained for the
detached PMMA graing chains from GPC (Fig. S6†), and the
molecular weight is 12 100 g mol�1, which is close to 13 050 g
mol�1 (PMMA chain obtained from free initiators). The exis-
tence of Fe3O4 core was almost no effect on initiating MMA
polymerization. In addition, the existence of capped PMMA
chains on the surface of Fe3O4 core was also conrmed by 1H-
NMR, FT-IR and TGA (Fig. S7–S9†). The weight fraction of
PMMA in core/shell Fe3O4/PMMA nanoparticles was deter-
mined by TGA (16.2%). The thickness of PMMA polymeric shell
can be tuned by adjusting the LED irradiation time during the
polymerization process, and all results were demonstrated in
Table S1.† For example, when the LED irradiation time
increased to 10 h, the thickness of PMMA polymeric shell also
increased to �6 nm (Fig. S10†).

Core/shell Fe3O4/PMMA nanoparticles with different sizes
show superparamagnetic behavior at room temperature. The
Fig. 2 Representative TEM characterization results of core/shell
Fe3O4/PMMA with different scale bars. (A) 20 nm; (B) 2 nm. Inset:
representative configuration comprising reaction vial surrounded by
380 nm LEDs with a tube blowing compressed air for cooling.

This journal is © The Royal Society of Chemistry 2017
hysteresis loops of two samples with different sizes were
measured at 300 K, as shown in Fig. 3(A), while keeping the LED
irradiation time xed (5 h). Both of two samples show no
remanence or coercivity at 300 K, that is, superparamagnetic
behavior.30 In order to quantitatively evaluate the magnetic
response of core/shell Fe3O4/PMMA nanoparticles to the
applied magnetic eld, the mass magnetization was character-
ized at 300 K. The saturation magnetization of Fe3O4 colloidal
nanocrystals capped with PMMA polymeric shell was deter-
mined to be 20.9 and 30.2 emu g�1 (dimensions (D) of Fe3O4

nanocrystals: �12 nm and �22 nm). The increasing saturation
magnetization should be due to the increasing size of Fe3O4

nanocrystals.30

Owing to surface-tethered hydrophobic PMMA polymeric
chains as shell, the resulting hybrid inorganic–organic core/
shell Fe3O4/PMMA nanoparticles by metal-free ATRP process
are highly organic solvent-dispersed. The external magnetic
responses were observed by dispersing core/shell Fe3O4/PMMA
nanoparticles into toluene. As shown in Fig. 3(B), Fe3O4

colloidal nanocrystals deposited on the wall of the vial under
the inuence of external magnetic eld within several minutes.
When external magnet was removed, the aggregated Fe3O4

colloidal nanocrystals can be back into the original toluene
solution.

In conclusion, we have developed an unconventional but
robust strategy for the fabrication of size-tunable
superparamagnetic/polymeric core/shell nanoparticles with
uniform distribution by metal-free ATRP at ambient tempera-
ture. The bi-functional ligands as the metal-free ATRP initiators
were rstly prepared by reacting the hydroxyl group of 12-
hydroxydodecanoic acid and 2-bromophenylacetyl bromide,
and then the bi-functional ligands reacted with iron(III) oxide to
prepare precursors of superparamagnetic Fe3O4 nanoparticles.
Superparamagnetic Fe3O4 nanoparticles with different sizes can
Fig. 3 Superparamagnetic behavior of core/shell Fe3O4/PMMA
nanoparticles with different sizes. (A) Mass magnetization M as
a function of applied external fieldH at 300 Kwhen Fe3O4 nanocrystals
as core with different sizes while keeping the LED irradiation time fixed
(5 h). (B) Digital images of a toluene Fe3O4 colloidal nanocrystals
shown in Fig. 2. Without magnetic field, with magnetic field for 10 min,
and after the magnetic field was removed (from left to right).

RSC Adv., 2017, 7, 7789–7792 | 7791
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be fabricated by in situ decomposition of precursors by using
different organic solvents with different boiling points, and the
bi-functional ligands as the metal-free ATRP initiators capped
on the surface of Fe3O4 nanoparticles. Then MMA monomers
were initiated to grow PMMA polymeric chains from the initi-
ating sites on the surface of superparamagnetic Fe3O4 nano-
particles by the metal-free ATRP technique for the fabrication of
core/shell superparamagnetic Fe3O4/PMMA hybrid nano-
particles, composed of superparamagnetic Fe3O4 nanoparticles
as core and PMMA chains as polymeric shell with different
sizes, PTH as the catalyst under 380 nm LED irradiation at room
temperature. The dimensions of Fe3O4 nanoparticles as core
can be adjusted by changing the different organic solvents with
different boiling points: higher boiling point for larger size of
Fe3O4 nanoparticles, and the thickness of PMMA polymeric
shell can be tuned by adjusting the LED irradiation time during
the polymerization process. Hence, this metal-free ATRP
strategy may stand out as an emerging methodology to fabricate
a myriad of other functional organic–inorganic hybrid nano-
composites with novel and tailorable physical properties for
a range of intriguing applications, such as magnetic devices,
nanoelectrics, sensors, catalysis and other elds.
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