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Synthesis of PPEGMEA-g-PMAA densely grafted double hydrophilic
copolymer and its use as a template for the preparation of size-controlled
superparamagnetic Fe;O4/polymer nano-compositesT
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A series of well-defined amphiphilic densely grafted copolymers, containing polyacrylate backbone,
hydrophobic poly(methoxymethyl methacrylate) and hydrophilic poly(ethylene glycol) side chains,
were synthesized by successive atom transfer radical polymerization. Poly[poly(ethylene glycol) methyl
ether acrylate] comb copolymer was firstly prepared via the grafting-through strategy. Next,
poly[poly(ethylene glycol) methyl ether acrylate]-g-poly(methoxymethyl methacrylate) amphiphilic
graft copolymers were synthesized via the grafting-from route. Poly(methoxymethyl methacrylate) side
chains were connected to the polyacrylate backbone through stable C—C bonds instead of ester
connections. The molecular weights of both the backbone and the side chains were controllable and the
molecular weight distributions were in the range 1.38-1.42. Poly(methoxymethyl methacrylate) side
chains were selectively hydrolyzed under mild conditions without affecting the polyacrylate backbone
to obtain the final product, poly[poly(ethylene glycol) methyl ether acrylate]-g-poly(methacrylic acid)
densely grafted double hydrophilic copolymer. Finally, these double hydrophilic copolymers were used
as templates to prepare superparamagnetic Fe;O4/polymer nano-composites with narrow size
distributions via an in situ co-precipitation process, which were characterized by FT-IR, TGA, DLS
and X-ray diffraction in detail. The size of the nano-composites can be controlled in a certain range by

adjusting the length of the poly(methacrylic acid) side chains and the weight ratio of copolymer to

Fe;04 nano-particle used.

Introduction

Double hydrophilic copolymers (DHCs) are a new class of
amphiphilic copolymer, which consist of two different hydro-
philic segments. Recently, double hydrophilic copolymers have
attracted more attention since they can form aqueous micellar
systems making them more environmentally friendly and
biocompatible compared to micelles formed in organic media.'™*
When the micelles were formed by double hydrophilic copoly-
mers in water, one hydrophilic segment becomes hydrophobic
accompanied by physical or chemical transformations, while
another hydrophilic segment remains soluble in aqueous media.>™*
The typical hydrophilic segments used in double hydrophilic
copolymers include poly(ethylene glycol),>® poly(acrylic acid)
(PAA),>? poly(methacrylic acid),*!° poly(styrene sulfonic acid),
poly(N-isopropylacrylamide),’? poly(N-alkylaminoethyl meth-
acrylate),**!? polyoxazoline,** poly(vinyl pyridine),® poly(vinyl
ethers)," polypeptides and RNA.”
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In the past few years, the self-association studies of double
hydrophilic copolymers have mainly focused on linear block
copolymers. 15111314 Byt the architecture of the copolymers is
also important for the properties of the micelles. It has been
found that the properties of the micelles formed by nonlinear
block copolymers are fundamentally different from those of
linear copolymers.’? Graft copolymers can bring additional
complexity in the studies of solution association since that they
have confined and complicated structures.'®'® So, the studies of
the self-assembly behavior of graft copolymers can provide more
information about the control of micellar morphology and the
design of new nano-materials.

Due to the development of living radical polymerization,
including atom transfer radical polymerization (ATRP)-?° and
modified ATRP,*"** new structural graft polymer can be
designed and conveniently synthesized now. Densely grafted
copolymer is a kind of copolymer with an intriguing struc-
ture.?s?¢ More complex densely grafted copolymers with two
hydrophobic double-grafted brushes have been reported.?”*
Our group also synthesized a kind of amphiphilic double-grafted
copolymer containing two different kinds of side chains.** But,
the double hydrophilic densely grafted copolymer with two
different water-soluble double-grafted brushes has been never
reported. Generally, poly(ethylene glycol) (PEG) is chosen as one
hydrophilic segment due to its excellent solubility and wide
applications.?!3? Poly(methacrylic acid) (PMAA) is selected as
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another hydrophilic segment since PMAA is a kind of weak
polyelectrolyte and its ionization degree is governed by the pH
and ionic strength of the aqueous solution.®!°

Moreover, double hydrophilic block copolymers bearing two
different hydrophilic segments can be used as surfactants to
prepare core-shell iron oxide nano-particles.**-¢ The preparation
of composite magnetic nano-particles has gained increasing
attention due to its emerging applications such as sensors, imaging
agents, storage media and catalysis in the fields of biotechnology
and microelectronics. These inorganic-organic hybrids are
particularly interesting since they inherit properties of both
polymer and inorganic material. In addition, the coated polymer
can effectively prevent the aggregation of particles. Among the
typical magnetic nano-particles, Fe;O, magnetite, whose
biocompatibility has been proven, is a promising candidate to
prepare inorganic-organic hybrids. Copolymers containing
carboxylic acid groups have been investigated as an approach to
prepare and stabilize iron oxide nano-particles.’” Polymer-coated
magnetite nano-particles were prepared by co-precipitation of
Fe?* and Fe** in the presence of copolymers containing PEG and
PAA/PMAA segments since the PEG segment can impart
biocompatibility and increase the half-life of nano-particles.?®3°

In this article, we synthesized a series of well-defined densely
grafted double hydrophilic copolymers via the “grafting-from”
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strategy (Scheme 1). Poly[poly(ethylene glycol) methyl ether
acrylate]-g-poly(methoxymethyl = methacrylate) amphiphilic
densely grafted copolymer was synthesized via successive ATRP.
Poly[poly(ethylene glycol) methyl ether acrylate]-g-poly
(methacrylic acid) double hydrophilic copolymer was obtained
from the selective hydrolysis of poly(methoxymethyl methacry-
late) (PMOMMA) side chains.

These copolymers were used as a template to prepare super-
paramagnetic Fe;O4/polymer nano-composites with narrow size
distribution via an in situ co-precipitation process. The compact
structure of the graft copolymer consisting of 15 PEG-b-PMAA
chains and 5 PEG chains linked by stable covalent bonds is expected
to stabilize the nano-particles and prevent unfavorable aggregation
since the side chains can protect the formed single particle.

Results and discussion

Synthesis and characterization of PPEGMEA-Br 2
macroinitiator

Poly[poly(ethylene glycol) methyl ether acrylate] (PPEGMEA 1)
comb copolymer was prepared vie ATRP of PPEGMEA
macromonomer using MesTREN as a ligand, detailed charac-
terization can be found in our previous report.®® Successful

(1) LDA, THF -78°C

(2) CICOCH(CH;)Br,

CuBr/MesTREN,
30°C

Scheme 1 Preparation of superparamagnetic Fe;O4/polymer nano-composites with PPEGMEA-g-PMAA densely grafted double hydrophilic

copolymer as a template.
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Fig.1 GPC traces of PPEGMEA 1, PPEGMEA-Br 2 and PPEGMEA-
g-PMOMMA 3 in THF.

ATRP can be evidenced from the unimodal and symmetrical
GPC curve (Fig. 1) with narrow molecular weight distribution
(M/M, = 1.09). The feed ratio of macromonomer to initiator
was 20 : 1. The theoretical molecular weight of the comb
homopolymer PPEGMEA 1 can be estimated from the conver-
sion of macromonomer, which is 100% for the current case. The
real molecular weight of PPEGMEA 1 was calculated to be 9100
from '"H NMR. This is in accordance with the theoretical value.
We could thus conclude that every PPEGMEA 1 polymer chain
possesses ca. 20 poly(ethylene glycol) side chains.

In the present study, poly(ethylene glycol) side chains are
connected to the polyacrylate backbone by the ester groups.
Instead, ATRP initiation groups have to be connected to the
a-carbon of the ester groups of the polyacrylate backbone using
lithium diisopropylamine (LDA) and 2-bromopropionyl chloride
as shown in Scheme 1. CHBr groups of ATRP initiation groups,
ester groups and CHBr end groups of PPEGMEA 1 are not
affected during the reaction, which has been evidenced from the
previous reports.**? By this newly developed method, all the
ATRP initiation groups were connected to the polyacrylate
backbone through stable C—-C bonds instead of ester connections.

PPEGMEA-Br 2 was characterized by 'H NMR and *C
NMR. A new peak at 1.90 ppm, which belonged to 3 protons of
the newly introduced ~CH(CH3)Br group, was found in 'H
NMR spectrum. But this peak was overlapped with the signals of
the polyacrylate backbone. No signal from the alkene was found
in the region between 4.5 ppm and 7.0 ppm, which meant that the
possible elimination reaction of the CHBr end group did not
occur during the reaction. Also, a new peak appeared at
211.1 ppm in the *C NMR spectrum, which was attributed to the
ketone carbon of -COCH(CHj3)Br. All this evidence confirmed
the successful introduction of ATRP initiation groups.

Apart from NMR spectra, this product was further analyzed
by elemental analysis. The approximate grafted ATRP initiation
group density, in %, is calculated from element analysis results
for carbon (C%) or bromine (Br%) according to the following
equations:

C% = 48.4% x In% + 54.9% x (1 — In%) (1)

Br% = 80 x In%/[590 x In% + 454 x (1 — In%)]  (2)

In eqn 1, 48.4% is the carbon content of the repeat units with
ATRP initiation groups, 54.9% is the carbon content of the
repeat units without ATRP initiation groups. The initiation
group density, In%, is calculated to be 74.5% according to eqn 1.
In eqn 2, 590 is the molecular weight of the repeat units with
ATRP initiation groups and 454 is the molecular weight of the
repeat units without ATRP initiation groups. According to
eqn 2, In% is calculated to be 68.9%. These two results were quite
close to each other, but the first one calculated from the carbon
content is more reliable due to the definition of the analysis
method. Therefore, about 20 x 74.5% = 15 ATRP initiation
groups were introduced onto the polyacrylate backbone.

As we can see from Fig. 1, only a unimodal and symmetric
peak was observed from the GPC curve of PPEGMEA-Br 2 and
the molecular weight distribution remained narrow (M,/M, =
1.03), this meant that the architecture of the polymer backbone
was not altered during the reaction with LDA and 2-bromo-
propionyl chloride.**** The M, of PPEGMEA-Br 2 macro-
initiator (M, = 5000) was slightly smaller than that of
PPEGMEA 1 (M, = 5400), which is similar to our previous
studies,**** we could attribute this to the newly branched ATRP
initiation groups.

Graft copolymerization of methoxymethyl methacrylate

ATRP of methoxymethyl methacrylate was performed in bulk
to overcome the limitation of the slow reaction speed which
is caused by the high initiation group density (74.5%) of
PPEGMEA-Br 2 macroinitiator, this will however increase the
possibility of inter-initiator coupling. Different ligands
(PMDETA, HMTETA and MesTREN) as well as different
polymerization temperatures (30 °C and 60 °C) were tested in
order to optimize the polymerization conditions. The polymeri-
zation using PMDETA as a ligand at 60 °C was too slow and the
polymerization using HMTETA as ligand was not successful.
The most suitable polymerization conditions were to use
MesTREN as a ligand at 30 °C. The results with different
polymerization times under these condition are listed in Table 1.

It is clear that all the molecular weights of the obtained graft
copolymers were much higher than that of the macroinitiator,
this indicates the occurrence of the polymerization of MOMMA.
The molecular weights of the graft copolymers increased linearly
with the conversion of MMOMA, which is the characteristic of
ATRP. GPC curves of PPEGMEA-g-PMOMMA 3 graft
copolymers are also shown in Fig. 1. All the copolymers showed
unimodal and symmetrical GPC curves with narrow molecular
weight distributions (M/M, = 1.42), which are characteristic of
living polymerization and also indicated that intermolecular
coupling reactions could be neglected under the current reaction
conditions.*® In the present study, a high feed ratio of monomer
to initiator and a low conversion of monomer were used to
suppress the intermolecular coupling reactions, this was the same
as previous reports of the synthesis of linear graft copolymers.**=47

The structure of PPEGMEA-g-PMOMA 3 densely grafted
copolymers was characterized by FT-IR and '"H NMR. Fig. 2A
shows the FT-IR spectrum of PPEGMEA-g-PMOMMA 3. The
typical signal of the -OCH,O- group of the PMOMMA segment
was found to appear at 918 cm~'. The peaks at 1737, 1152 and
1075 cm™! can be attributed to polyacrylate and PEG segments.
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Table 1 Synthesis of PPEGMEA-g-PMOMMA graft copolymer®

Time/h M,blg mol™! M IM,? M, mavLsS/g mol™! Nyomma’ Conv.¢ (%) emc//g mL-!
3a 6 11 400 1.40 27,600 9.49 7.90 1.08 x 10-°
3b 8 12 500 1.42 29,300 10.36 10.67 8.11 x 107
3c 10 13 700 1.42 33,900 12.72 12.16 1.06 x 10-°
3d 12 17 100 1.38 35,200 13.38 15.99 133 x 10°°

“ Initiated by PPEGMEA 2 (M,, = 5000, M,/ M, = 1.03, grafted ATRP initiation group density: 0.75/1), [MOMMA] : [Br group] : [CuBr] : [MesTREN]
=400:1:1:1.” Measured by GPC in THE. Obtained by GPC/MALS in THF.? The number of MOMMA repeating units per PMOMMA side chain
determined by GPC/MALS.€ Conversion of MOMMA measured by GC/ Critical micelle concentration determined by fluorescence spectroscopy using

PNA as a probe.
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Fig. 2 FT-IR spectra of PPEGMEA-g-PMOMMA 3 (A) and PPEG-
MEA-g-PMAA 4 (B).

The 'H NMR spectrum of PPEGMEA-g-PMOMA 3 is shown in
Fig. 3A. The typical signals of PMOMMAs segment were found
to appear at 3.41 and 5.17 ppm. The peaks at 3.50 and 3.60 ppm
correspond to PEG side chains.

Generally, '"H NMR spectra are used to determine the
composition of the copolymer. But some previous studies
showed that the '"H NMR spectra of amphiphilic copolymers
were affected by the conditions of the measurement.*3*¥-5° In our
recent work, it was found that the compositions of amphiphilic
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Fig. 3 'H NMR spectra of PPEGMEA-g-PMOMMA 3 (A) and
PPEGMEA-g-PMAA 4 (B) in DMSO-dj.
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densely grafted copolymers obtained from "H NMR spectra were
dependent on the conditions of the measurements due to their
complex structure.®® Since it was difficult to determine the
“actual” composition of PPEGMEA-g-PMMOMA 3 by 'H
NMR, the absolute molecular weight of PPEGMEA-g-
PMMOMA 3 was measured by GPC/MALS in THF instead.

From the molecular weight of PPEGMEA 1 (M,, = 9100) and
the absolute molecular weight of PPEGMEA-g-PMMOMA 3
determined by GPC/MALS, the number of MMOMA repeating
units per PMMOMA side chain (Nyvomma) Was calculated
according to eqn 3 as listed in Table 1:

Nuvmoma = (M mars — 9100)/(15 x 130) (€)

The semilogarithmic plot of In([M]¢/[M]) vs. time, as depicted
in Fig. 4, shows that the conversion of MOMMA increases with
the time and a linear dependence of In([M]o/[M]) on the time. It
shows first order polymerization kinetics demonstrating
a constant number of propagating species during the polymeri-
zation, which is a typical characteristic of ATRP.

From the above results, it can be concluded that the poly-
merization of the backbone and side chains were both control-
lable. The obtained copolymer, PPEGMEA-g-PMOMMA 3, is
a little different to our previously reported centipede-like
copolymer since the graft density of PMOMMA is only 75%,
here we call it a densely grafted copolymer with well-defined
structure (Scheme 1): a polyacrylate backbone (20 repeating
units) with two side chains, one is short PEG (8.4 repeating units
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Fig. 4 Kinetic plot for bulk ATRP of MOMMA initiated by PPEG-
MEA-Br 2.
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Fig. 5 Dependence of the fluorescence intensity ratio of the PNA
emission band at 418 nm on the concentration of PPEGMEA-g-
PMMOMA 3a.

per chain) at each grafting point, the other is PMOMMA
(9.49-13.38 repeating units per chain) at most grafting points.

Critical micelle concentration of PPEGMEA-g-PMOMMA 3

The critical micelle concentrations of PPEGMEA-g-PMOMMA
3 amphiphilic graft copolymer in aqueous solution were deter-
mined by fluorescence techniques using PNA as a fluorescence
probe (Fig. 5). PNA was a more suitable fluorescent probe than
pyrene in terms of reproducibility since it displays higher
fluorescence activity in nonpolar environments and it can be very
easily quenched by polar solvents such as water.*' The measured
cmce values of the micelles of PPEGMEA-g-PMOMMA 3 are
listed in Table 1. We could see that the length of the PMOMMA
side chains can only slightly affect the cmc values.

From the data in Table 1, the cmc of the graft copolymer does
not show a clear relationship with the length of the PMOMMA
side chains. These cmc values are higher than those of the
amphiphilic centipede-like copolymer PPEGMEA-g-PS we
reported before,* which means that PMOMMA side chains are
less hydrophobic than polystyrene side chains. The lower
hydrophobicity may be attributed to the hydrogen bonds
between the ether groups and water.

Properties of micelles formed by PPEGMEA-g-PMOMMA 3

The micelle structure was explored by TEM. The typical TEM
images of micelles formed by the PPEGMEA-g-PMOMA 3
amphiphilic graft copolymer are shown in Fig. 6. The micelles
formed by PPEGMEA-g-PMOMMA 3 with different molecular
weights are large compound micelles.

Hydrolysis of PMOMMA side chains

The methoxymethyl groups of PPEGMEA-g-PMOMMA can be
easily hydrolyzed by 1M HCI without affecting the polyacrylate
backbone, this process is highly efficient and selective. The
resulting product, PPEGMEA-g-PMAA 4, is water-soluble.
Results from FT-IR analysis confirmed the presence of
methacrylic acid groups, as one can see from Fig. 2B, after
hydrolysis, a broad absorbance appeared at 2800-3600 cm™'
which is characteristic of a carboxylic acid group; meanwhile, the

1rm

Fig. 6 TEM images of micelles formed by PPEGMEA-g-PMOMMA 3a
(A) and 3d (B).

peak of the -OCH,O- group at 918 cm~' disappeared and the
peak of the carbonyl shifted from 1737 cm! to 1705 cm™".
Fig. 3B shows '"H NMR spectrum of the graft copolymer after
hydrolysis. The complete disappearance of the characteristic
strong peaks of the -OCH,OCH; group at 3.41 ppm and
5.17 ppm demonstrates the successful hydrolysis of the
PMOMMA side chains. The new signal at 12.33 ppm further
confirmed the formation of the PMAA segment.

The solubility of PPEGMEA-g-PMAA 4 was checked in
pH-adjusted water. It was found that PPEGMEA-g-PMAA 4
precipitated in water when pH<4.0. However, PPEGMEA-g-
PMAA 4 shows poor solubility in the range 4.0<pH<6.0 and
good solubility when pH>6.0 since PMAA is a weak acid and
soluble under basic conditions.

Preparation and characterization of Fe;O4/polymer
nano-composite

The chemical co-precipitation of ferric and ferrous salts is
a common method to prepare Fe;O4 nano-particles as shown in
Scheme 2.%2

Fe;0,4 nano-particles synthesized by this approach are easy to
aggregate due to the interaction of the particles.”> PPEGMEA-g-
PMAA 4 densely grafted double hydrophilic copolymers might
be able to prevent the unfavorable aggregation since the side
chains can serve to protect the formed single particles. To test this,
PPEGMEA-g-PMAA 4 was used as a template to prepare Fe;O4/
polymer nano-composites employing this conventional chemical
co-precipitation method. The results are listed in Table 2.

With this graft copolymer as the template, the obtained Fe;O04/
polymer nano-composites are stable in water and can suspend in
water homogeneously. The proposed mechanism is shown in
Scheme 3.

Fe** and Fe’* cations were coordinated with carboxylic acid
groups along the PMAA side chains to form the complexes at the
beginning. The nucleation of Fe;O4 particles were prompted by
carboxylic acid groups of PMAA side chains in the presence of
NaOH aqueous solution.?”° In the current system, PMAA side
chains bearing carboxylic acid groups acted as venues for the

N, N
Fe®* + 2Fe’ + 80H ——— = Fe(OH), + 2Fe(OH); TZ" Fe;0, + H,0

Scheme 2 Synthesis of Fe;04 nano-particles by chemical co-precipita-
tion.
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Table 2 Characterization of the Fe;04/polymer nano-composite

Sample Polymer Ry! Dybnm PI° Weight loss® (%) ¢ potential’/mV Lpezo;’ /nm
NP-1 — — 210 0.13 6.8 —0.377 134
CNP-2 4d 17 189 0.194 23.2 —43.6 10.4
CNP-3 4d 1/2 173 0.20 20.3 —41.5 9.5
CNP-4 4d 1/3 184 0.149 18.9 —-37.7 8.5
CNP-5 4a 1/2 52.7 0.290 10.3 —35.7 8.1
CNP-6 4c 1/2 57.1 0.243 14.4 —40.8 8.3

“ The weight ratio of copolymer to Fe;0, nano-particle used.” Measured by DLS.¢ Determined by TGA.? Crystal size of Fe;0, calculated from XRD

data.
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Scheme 3 Synthesis of Fe;0,4/polymer nano-composite in the presence of PPEGMEA-g-PMAA 4 densely grafted double hydrophilic copolymer

nucleation of Fe;O, nano-particles, while PEG side chains
retarded the growth of Fe;O,4 nano-particles by the so-called
shielding effect, which resulted in nano-particles with smaller
sizes (8.0-10.5 nm). The sizes were calculated from XRD data
using the Scherrer equation and are listed in Table 2.

The Fe3;O04/polymer nano-composites were characterized by
FT-IR. Fig. 7 shows the FT-IR spectra of the PPEGMEA-g-
PMAA 4 graft copolymer, native Fe;O4 nano-particles and
Fe;O4/polymer nano-composites. It was reported that the
characteristic absorption band of the Fe-O bond in bulk Fe;0,4
appears at 570 cm~'.5®* However, when the size of the Fe;Oy4
particle decreased to nano-scale dimensions, the surface bond
force constant would increase dramatically due to the finite

Transmittance
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Wavenumbers (cm'l)

4000 3500
Fig. 7 FT-IR spectra of PPEGMEA-g-PMAA 4 (A), native Fe;04
nano-particle NP-1 (B), Fe;O4/polymer nano-composites CNP-2 (C),
CNP-3 (D) and CNP-4 (E).

size effect of nano-particles, in which the breaking of a large
number of bonds for atoms on the surface will result in the
rearrangement of non-localized electrons on the surface.® The
FT-IR spectrum of native Fe;O,4 nano-particles thus exhibits
a blue shift for the characteristic absorption band of Fe-O bond
positioned at 575 cm~! as shown in Fig. 7B.

Fig. 7C, 7D and 7E show the FT-IR spectra of Fe;04/polymer
nano-composites coated with different amounts of graft copol-
ymer. The characteristic absorption bands of the Fe—O bond are
found to appear at 580 cm™' in all 3 spectra. The broad band of
the carboxyl group of the PMAA side chains between 3000 cm ™!
to 3600 cm~! diminished and the peaks of the carbonyls at
1650 cm™' and 1536 cm™! faded too. The peak at 1650 cm™'
indicated that a part of the PMAA segments were ligated to
Fe30,4 nano-particles in mono-dentate form.>® At the same time,
two new peaks appeared at 1385 cm~! and 1331 cm™' due to the
binding of carboxyls to the surface of Fe;O, nano-particles to
form carboxylate groups, these new peaks arose from asym-
metric and symmetric vibrations of carboxylate groups and
demonstrated the bi-dentate bonding to Fe atoms on the
surface.>®%’

The crystal structure of Fe;O4/polymer nano-composite was
investigated by XRD. Only six characteristic peaks (26 = 29.8°,
35.1°, 42.9°, 53.1°, 56.7°, 62.4°) of standard Fe;O4 crystals
(isometric-hexoctahedral crystal system)®® are found in the
diffraction pattern as shown in Fig. 8, which illustrated the
absence of other magnetic, crystalline iron oxide species.

The sizes of microcrystals can be quantitatively evaluated from
XRD data using the Scherrer equation as listed in Table 2, which
gives a relationship between peak width and particle size.’® The
sizes descended with the decreasing quantity of graft copolymer;
on the other hand, the particles prepared from the graft copol-
ymer with shorter PMAA side chains have a smaller size. Thus, it
can be concluded that the particle size can be tuned by the weight

This journal is © The Royal Society of Chemistry 2008
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Fig. 8 XRD pattern of the Fe;O4/polymer nano-composite CNP-2.

100

3 NP-1
£ o0
= CNP-4
S0
§ 85+

CNP-3
80
CNP-2
75

T T T T T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

Temperature (°c)

Fig. 9 TGA curves of pure Fe;0,4 nano-particles and Fe;O4/polymer
nano-composites.

ratio of copolymer to Fe;O,4 nano-particle used and the length of
the PMAA side chains.

The thermal properties of Fe;O4/polymer nano-composites
were studied by TGA. As shown in Fig. 9, native Fe304 nano-
particles have only a tiny weight loss between 50 °C and 800 °C,
while three stages were found in the TGA curves of Fe;O4/
polymer nano-composites by contrast. The weight loss first took
place at below 300 °C, which can be attributed to either the
evaporation of trace water or the decomposition of non-coor-
dinated carboxyls. The weight loss between 300 °C and 450c °C
arose from the cleaving of the PEG side chains. The decompo-
sition of coordination between PMAA segments and Fe;O4
nano-particle started above 450 °C in the final stage. The residual
weight of nano-composite is clearly contributed from the Fe;O4
nano-particle. Based on the above analysis, the decompositions
of PEG and PMAA side chains of graft copolymers are the main
origins for the weight loss of Fe;O4/polymer nano-composites.
The TGA results listed in Table 2 show that the weight
percentage of coated graft copolymer in nano-composite rose
when the weight ratio of used graft copolymer to Fe;O,4 nano-
particle increased. Moreover, the weight percentage of coated
graft copolymer in the nano-composite increased with the
increase in the length of the PMAA side chains due to the

enhancement of the coordination between the carboxyls and
Fe;04 nano-particles.

£ potentials can demonstrate the magnitude of the repulsion or
attraction between the particles and can also provide a detailed
insight into the dispersion mechanism. & potential measurements
listed in Table 2 revealed that all nano-composites have a net
negative charge which is proportional to the weight ratio of graft
copolymer to Fe;O4 nano-particle used. On the other hand, the
charge is also relevant to the length of the PMAA side chains.
This result further confirmed the presence of negatively charged
graft copolymers on the surface of the Fe;O,4 nano-particle.®®

DLS studies demonstrated that all Fe;O4/polymer nano-
composites have smaller hydrodynamic diameters (Dy,) than that
of native Fe3;04 nano-particles. This implies that Fe;04 nano-
particles can be dispersed by PPEGMEA-g-PMAA 4 double
hydrophilic graft copolymers. The narrow size distributions of
the nano-composites indicated that the sizes are almost identical.
It is clear that the sizes of nano-composites are also influenced by
the weight ratio of used graft copolymer to Fe;O4 nano-particle.
When the weight ratio of copolymer 4d to Fe;O,4 nano-particle
varied from 1/1 to 1/3, the Dy, of nano-composite decreased from
189 nm to 173 nm followed by an increase from 173 nm to
184 nm. It is clear that a suitable weight ratio of used graft
copolymer to Fe;O4 nano-particle is 1/2, which leads to the best
dispersion. Under this condition, Fe;O4/polymer nano-compos-
ites coated with graft polymers with shorter PMAA side chains
will possess smaller hydrodynamic diameters, this means that
graft polymers with shorter PMAA side chains can also prevent
the aggregation and disperse Fe;O4 nano-particle very well.

Fe;04/polymer nano-composites were also examined by TEM
as shown in Fig. 10. Only Fe;04 nano-particles can be observed
while the associated graft copolymers cannot be observed. The
diameters of Fe;O4 nano-particles were about 7-15 nm, which
were similar to the results calculated from XRD data.

Fig. 10A, 10B and 10C show the aggregated clusters when the
graft copolymer with longer PMAA side chains was used as
a template to prepare nano-composites. Although these mono-
crystalline spheres were closely packed together, they were still
distinctively separated with clear boundaries. Interestingly,
Fe;0,4 nano-particles can still be well dispersed as shown in
Fig. 10D and 10E when the graft copolymers with shorter
PMAA side chains were used as the template. This is due to
a weaker coordinating ability of shorter PMAA side chains and
has been proved by the increasing £ potentials as listed in Table 2.

In summary, the size and dispersion of Fe;O4/polymer nano-
composite can be tuned by the weight ratio of graft polymer to
Fe;0,4 nano-particle used and the length of the PMAA side
chains.

Magnetic properties of Fe;O4/polymer nano-composite

The magnetic properties of the Fe;04/polymer nano-composites
were explored by a vibrating sample magnetometer at room
temperature. Fig. 11 shows the magnetization curves of pure
Fe;04 nano-particles and Fe;O4/polymer nano-composites.
It was found that all Fe;O4/polymer nano-composites were
superparamagnetic since neither remanence nor coercivity was
measured at room temperature when the magnetic filed was
removed, which is similar to previous literature.’®
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Fig. 10 TEM images of Fe;O4/polymer nano-composites CNP-2 (A), CNP-3 (B), CNP-4 (C), CNP-5 (D) and CNP-6 (E).
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Fig. 11 Magnetization curves of native Fe;0,4 nano-particles and Fe;0,4/
polymer nano-composites, from bottom to top: NP-1, CNP-2, CNP-3,
CNP-4, CNP-6 and CNP-5.

Superparamagnetic particles no longer show magnetic interac-
tions after the elimination of the magnetic field, and therefore
the aggregation between the particles could be reduced. The
saturation magnetization (M) and the coercivity (H.) of pure
Fe;O, nano-particles and Fe;O4/polymer nano-composites
are summarized in Table 3.

The saturation magnetizations (M) of all these nano-particles
were above 38 emu g!, which are comparable to the reported
values.**¢ Since the particle sizes were close, no obvious loss of
saturation magnetization was observed between Fe;O4/polymer
nano-composites and bare Fe;O4 magnetite nano-particle. This
result demonstrated that polymeric templates did not affect
the magnetization properties of the Fe;O, nano-particles. In
addition, it was found that saturation magnetizations (M)
decreased continuously with the descending particle sizes, which
is similar to previous literature.*® Thus, it can be predicted that
the magnetic properties of Fe;O4/polymer nano-composites
evolve gradually as a function of particle size.

Table 3 Magnetic properties of Fe;O4/polymer nano-composite

Sample Polymer R, LFeKO“b/nm Mlemu g! HS/mT
NP-1 — — 13.4 51.1 3.8
CNP-2 4d 1/1 10.4 50.3 1.3
CNP-3 4d 12 9.5 49.2 1.8
CNP-4 4d 1/3 8.5 48.0 1.6
CNP-5 4a 12 8.1 38.2 1.7
CNP-6 4c 12 8.3 44.4 1.7

“ The weight ratio of used copolymer to Fe;O4.” Crystal Size of Fe;Oy
calculated from XRD data. Determined by VSM at room temperature.

From the above results, it is clear that Fe;O4/polymer
nano-composites show superparamagnetic behavior at room
temperature and the magnetic properties of Fe;O4/polymer
nano-composites evolve gradually as a function of particle size.

Conclusion

A series of well-defined amphiphilic densely grafted copolymers
containing two different side chains were synthesized by
a combination of ATRP and the grafting-from strategy. The
molecular weights of both the backbone and the side chains were
controllable and the molecular weight distributions were in the
range 1.38-1.42. Hydrophobic PMOMMA side chains were
connected to the backbone through stable C—C bonds instead of
ester connections and they can be selectively hydrolyzed under
mild conditions with high efficiency to obtain a new class of
double hydrophilic densely grafted copolymer consisting of two
different hydrophilic side chains of PEG and PMAA.
Fe;0y4/polymer nano-composites with narrow size distribu-
tions were prepared via an in situ co-precipitation process using
these double hydrophilic densely grafted copolymers as
a template, which provided a good choice for preparing stable
nano-composites with PEG-modified surfaces. The size and

This journal is © The Royal Society of Chemistry 2008
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dispersion of the nano-composites can be tuned by the length
of the PMAA side chains and the weight ratio of graft copolymer
to Fe;O4 nano-particle used. The nano-composites showed
superparamagnetic behavior at room temperature, which implies
potential applications in the biomedical field.
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