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Synthesis and characterization of well-defined
poly(methyl methacrylate)/CaC03/Si0,
three-component composite particles

via reverse atom transfer radical

polymerization

Abstract The attempt to prepare
structurally well-defined polymer/in-
organic composite particles, i.e., poly
(methyl methacrylate) (PMMA)/
CaCO03/Si0, three-component com-
posite particles, via reverse atom
transfer radical polymerization
(ATRP), using 2-2'-azo-bis-isobutyr-
onitrile as initiator and Cu(Il) bromide
as catalyst was reported. CaCO5/SiO,
two-component composite particles
were first obtained through sol-gel
method, and their morphology and
surface element information were
determined by transmission electron
microscopy and X-ray photoelectron
spectroscopy, respectively. The results
indicate that the CaCO3 was encap-
sulated by the obtained SiO,. After
being modified by silane coupling
agent, the CaCO3/SiO, composite
particles copolymerized with methyl
methacrylate (MMA) under standard
reverse ATRP conditions to produce
PMMA/CaCO3/SiO, three-compo-
nent composite particles. In the case

concerned, first-order kinetic plots and
linear increase of molecular weight
(Mn) vs conversion and narrow mo-
lecular weight distribution for the graft
polymer samples were observed.
Furthermore, the gel permeation
chromatography results illustrated that
both the free PMMA chains from the
solvent and the graft PMMA chains
from the surface of CaCO5/SiO, two-
component composite particles were
growing at the same rate. Character-
izations of the PMMA-grafted
CaCO03/Si0, composite particles were
done by Fourier transform infrared
and thermogravimetric analysis. The
results showed that the surface of the
modified inorganic particles was
grafted by the MMA and that the
grafting percentage was about 8.7%.
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radical polymerization - Well-
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Introduction

Owing to their extraordinary properties derived from the
synergism between the properties of inorganic particles
(optical, electronic, and magnetic) and those of the polymer
(easy processing and good solubility), polymer/inorganic
composite materials attract strong interest [1-3]. Many
methods for preparing polymer/inorganic composite mate-
rials have been reported, but most of them are based on the
weak interaction, such as van der Waals forces or hydrogen
bonding, between the polymer and the surface of inorganic

materials [4]. A disadvantage of these systems is thermal
and solvolytic instability. To circumvent this shortcoming,
grafting polymer chain from the surface of inorganic
particles, which establishes a chemical bond between the
two parts of the composite particles, may be the most
prominent method [5, 6]. In the case of the grafting process,
polymerizations are mostly carried out through radical
polymerization because of its advantages, such as a large
variety of vinyl monomers for polymerization or copoly-
merization, tolerance of impurities and functional groups,
and no requirement of stringent reaction condition [7].
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However, the conventional radical polymerization does not
control over the molecule weight, molecule weight distri-
bution, and the structure of the resulting polymer. These
features may lead to unpredictable physical and mechanical
properties of the produced composite particles.

A relatively new method to synthesize well-defined
polymer/inorganic composite particles is controlled/liv-
ing” radical polymerization. Several controlled/“living”
radical polymerizations, such as iniferters [8], stable
nitroxide-mediated radical polymerization [9, 10], revers-
ible addition—fragmentation chain transfer polymerization
[11, 12], and atom transfer radical polymerization (ATRP)
[13—16], have been well documented. Furthermore, ATRP
is the most effective method because it allows for the
polymerization of a wide range of monomers such as
styrenes, acrylates, and methacrylates [17—19].

The application of ATRP to polymer/inorganic compos-
ite material synthesis has attracted many attentions. Bin
and William [20] grafted polystyrene onto the surface of a
planar silica by carbocationic polymerization, then used the
obtained polystyrene/silica composite as macroinitiator,
CuBr as catalyst, and N,N,N,N,N-pentamethyldiethylene-
triamine as ligand, entailed poly(methyl methacrylate)
(PMMA) to the end of polystyrene chain. The first attempt
to graft polymer from the surface of SiO, spherical
particles via ATRP was reported by Werne and Patten
[21, 22]. They tethered 2-(4-chloromethylphenyl)ethyldi-
methylethoxysilane (CDES) on the surface of silica
particles, then used the modified silica particles as
macroinitiator, Cu(I) (X=Br, Cl) as catalyst, and bpy or
dNbpy as ligand to prepare well-defined polymer/inorganic
composite particles. The application of ATRP to prepare
well-defined polymer/inorganic composite particles was
reported by several other groups too [23-30].

According to the literatures, ATRP has been successfully
used to prepare well-defined polymer/inorganic composite
materials, and systematic studies on this have been carried
out. However, some fields are relatively unexplored, which
can be summarized as follows:

(1) The reported works focused only on the conventional
ATRP method, using organic halides as initiators and
transition metals in their lower oxidation state, such as
Cu(]) as catalyst. Although this method is effective for
preparing well-defined polymer/inorganic composite
materials, it has two major problems: the organic
halides are toxic, and the catalysts Mt"/Lx are easily
oxidized by air [31]. To overcome these drawbacks,
reverse ATRP would be optimal [31-33]. However, the
application of the reverse ATRP method to prepare
well-defined polymer/inorganic materials has not been
reported.

(2) The research focused mostly on entailing well-defined
polymer chains to single-material inorganic particles.
As shown in the reported works [34, 35], the functions
of multicomponent inorganic particles promise to be

far more interesting and diverse than that of single
material. However, there is no attempt to graft well-
defined polymer chains onto multicomponent inorgan-
ic particle via controlled/“living” polymerization.

Using our previous works as the base [36-38], we
attempt to explore the technique for preparation of well-
defined multicomponent polymer/inorganic composite
particles via reverse ATRP.

The PMMA/CaCO5/Si0, system was chosen as a model
to investigate the technique of preparing well-defined
polymer/inorganic part I/inorganic part II three-component
composite particles. The reactions were conducted using
Cu(II) bromide as catalyst and 2-2'-azo-bis-isobutyronitrile
(AIBN) as initiator. The kinetics of the polymerization, the
structure information about the graft PMMA, and the
grafting percentage and efficiency of grafting were studied.

Experimental
Materials

MMA was distilled at a reduced pressure before use. AIBN
(A.R.) was obtained from Beijing Chemical Reagent
Factory (Beijing, China) and recrystallized from methanol.
N,N,N',N'-tetramethylethylenediamine (TMEDA) (99%)
(Aldrich) was used as received. Copper(Il) bromide from
Chengdu Kelong Chemical Reagent Factory (Chengdu,
China) was an analytical reagent grade and was used
without further purification. The modifying agent from
Ha’erbin Chemical Research Institute (Ha’erbin, China)
was used as received. p-xylene, tetrahydrofuran (THF),
methanol, and ethanol used in this work were available
commercially. CaCO5/Si0O, inorganic composite particles,
with an average diameter of about 70 nm, were prepared in
our laboratory [39—41]. All other reagents employed in this
work were purchased commercially and used without
further purification.

Preparation of CaCO3/SiO, two-component composite
particles

The CaCO;/Si0, two-component composite particles with
CaCQOs as core and SiO; as shell were prepared via Stober
method [39—41]. A typical preparation procedure was as
follows: to a solution of 0.5 mol/l triethyl amine, 7 mol/l
H,O in ethanol, a 0.125-mol/l calcium carbonate was
added under vigorous stirring in a 500-ml reaction vessel.
The mixture was then dispersed through ultrasonic irradi-
ation by a 20-kHz ultrasonic generator at 200 kV of power
for 10 min. After this, the vessel was placed into a constant-
temperature water bath of 40 °C. To this dispersion was
added 0.0105 mol/l tetraethylorthosilicate (TEOS) con-
tinuously with controlled rate (e.g., 0.1 mg/s). After TEOS
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was fully charged into the vessel, the mixture was sealed
and stirred for 30 h at 40 °C. The particles were isolated
from the solution by centrifugation at a rate of 5,000 rpm
for 8 min, washed with ethanol to remove unreacted
substances, and spray dried.

Modification of the CaCO5/SiO, two-component
composite particles

Before polymerization, the CaCO5/SiO, composite parti-
cles were modified by silane coupling agent. A general
procedure for the surface modification reaction was as
follows: to a three-necked flask was added CaCQO5/SiO,
composite particle suspension in ethanol, and the suspen-
sion was heated at 40 °C. To this suspension silane
coupling agent (5% of the amount of CaCO;/SiO,
composite particles by weight) was added, and the mixture
was heated at 40 °C for 3 h. Then, it was heated at 80 °C for
8 h. The particles were isolated by centrifugation. To
remove any adsorbed coupling agent, the particles were
washed with three cycles of centrifugation and resuspen-
sion in ethanol and dried at 60 °C.

Polymerization of MMA from CaCO5/SiO,
two-component composite particles via reverse ATRP

Modified CaCO3/SiO, composite particles (1.2 g), CuBr,
(62.5 mg), and AIBN (78 mg) were weighted into a Schleck
flask containing a stir bar. MMA (18 ml), p-xylene (42 ml),
and TMEDA (65.3 mg) were added using syringes, and the
flask was deoxygenated by three pump/argon cycles. The
mixture was stirred vigorously to get a uniform suspension,
and the flask was placed in a water bath with magnetic
stirring at 80 °C. Samples were taken periodically using an
argon-flushed syringe to monitor the conversion and
molecular weight. The monomer conversion was deter-
mined gravimetrically, and the samples were redissolved in
THF and precipitated in methanol to obtain the PMMA/
CaCO3/Si0, three-component composite particles.

Characterization
X-ray photoelectron spectroscopy measurement

X-ray photoelectron spectroscopy (XPS) analysis was
performed on an XPS spectrometer with CuK o radiation
(40 kV, 25 mA) at a scanning speed 0.03 °/s. Before the
XPS measurement, the CaCO5/SiO, composite particles
were washed by ethanol to remove impurity and dried at
100 °C for 24 h.

Transmission electron microscopy (TEM)
measurement

Before observation, the CaCO5/Si0O, composite particles
were dispersed in ethanol through ultrasonic irradiation,
then the dispersion was dropped on copper grids to observe
the morphology of the CaCO5/Si0, composite particles on
a Hitachi H-600 TEM.

Fourier transform infrared (FTIR) measurement

The chemical structures of all the samples were determined
using a Nicolet Magna 560 FTIR spectrometer. Before the
FTIR measurement, all samples were extracted with THF
at reflux for 72 h in a Soxhlet extractor and dried at 60 °C to
remove the solvent. Then, the samples for characterization
were pretreated in the form of KBr pellets.

Thermogravimetric analysis (TGA) measurement

The TGA of PMMA/CaCO5/SiO, three-component
composite particles was performed with a Dupond
2100 thermal analysis instrument. The samples were
heated at a temperature range of 25-600 °C with a rate
of 10 °C min ' in a nitrogen atmosphere, and the
nitrogen flow rate was 50 ml per min.

Gel permeation chromatography (GPC) measurement

Molecular weight and molecular weight distribution of
polymer samples were measured at 35 °C by GPC on
a Waters 2410 instrument using THF as the solvent
(1 ml/min).

Determination of the conversion of MMA

The conversion of MMA (C%) was determined gravimet-
rically and was calculated using the following equation:

My—MY

C% =
b=y

x 100% (D

where M is the mass of the polymerized sample, M, is the
mass of the solid after drying, X is the mass percentage of
MMA based on total input materials, and Y is the mass
percentage of CuBr,, AIBN, and CaCO3/SiO, composite
particles based on total input materials.
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Determination of the grafting percentage

The grafting percentage was defined as the mass
percentage of polymer grafted onto inorganic particles
based on the total inorganic particles used and was
determined by the following equation [42]:

Pol fted
Percentage of grafting (G%)= CaOC}é)n:j;i%? uze d(i‘)% ]

x 100%
@)

Determination of the grafting efficiency

The grafting efficiency was defined as the mass percentage
of PMMA grafted on CaCO3/SiO, composite particles,

Grafting efficiency (E%)=

CaCO3 / SiO, used x percentage of grafting

Fig. 1 TEM micrograph of CaCO3/SiO, two-component composite
particles

based on the total PMMA, and was determined by the
following equation:

x 100% 3)

MMA used x conversion of MMA

Results and discussion

For this research, CaCO3/Si0, two-component composite
particles (Scheme 1) were employed because the silica
coated on the surface was easy to react with silane coupling
agent, providing a means for copolymerization with other
vinyl monomer, and systematic studies on this field have
been done in our group [36-38].

CaCO3/Si0, two-component composite particles were
obtained through coating CaCOj particles with SiO, via

Stober method, and the process was described in Scheme 1.

The morphology of CaCO5/Si0, two-component com-
posite particles was examined with TEM, and the result
was shown in Fig. 1. From this figure, we can see that the
particle’s diameter is at the range from 50 to 100 nm.
Furthermore, no free small silica particles can be observed
in the figure, which inferred that all the obtained silica was
coated on the surface of CaCOj particles. This conclusion

D

TEOS
Amine/Ethanol/Water

CaC0,/Si0,

Scheme 1 Schematic diagram of the preparation of CaCO5/SiO,
composite particles

was supported by the results of XPS measurements. X-ray
photoelectron spectroscopy is widely used to monitor the
relative ratio of elements in the material surface. Figures 2
and 3 illustrate the XPS spectra of Si 1s and Ca 2p;/, and
Ca 2p,, in CaCO5/Si0, composite particles, respectively.
The molecular ratio of Si/Ca on the surface of the CaCOs/
SiO, composite particles can be calculated through the
following formula [43]:

Si o Is; X SCa
Ca N ]Ca SSi

4)

where Ig; and /-, means the areas of Si 1s peak and Ca 2p
peak, respectively, while Sc, and Ss; means the sensitivity
factors of Ca and Si, respectively. The areas of Si 1s peak
and Ca 2p peak, obtained from Figs. 2 and 3, and the
sensitivity factors are given in Table 1.

According to Table 1 and Eq. 4, we can calculate the
molecular ratio of Si/Ca on the surface, which is 1.02. From
the recipe for preparing CaCO5/SiO,, as shown in the
“Experimental” section, the molecular ratio of Si/Ca in this
composite system can be calculated, and the result is 0.084.
Comparing the molecular ratio of Si/Ca on the surface and
that in the system, conclusion can be drawn that the
obtained SiO, particles are mainly encapsulated onto the
surface of CaCOj particles, and the obtained CaCO3/SiO,
composite particles have a CaCOj; core and a SiO, shell.

Before copolymerization with MMA, the CaCO3/SiO,
composite particles were modified in modifying agent
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Fig. 2 X-ray photoele_:ctron JLSC-Ca

spectrum of CaCO5/SiO, Peak Position . FWHM %G
composite particles, showing Ca g AAE 05TV 11652384 25536V %ol
2p32 and 2p12 peak 1 350.539eV 4658275  2427eV  80%

356.0 352.0 348.0 344.0 340.0
Binding Energy (eV)

ethanol solution. The modifying agent had siloxane groups, groups which can react with MMA in the copolymerization
providing a site for covalent attachment to the composite (Scheme 2).

particle surface via reaction with hydroxyl groups on the The modified CaCO3/SiO, composite particles were
surface of CaCOj3/SiO, composite particle, and vinyl washed with three cycles of centrifugation and resuspen-

Fig. 3 X-ray photoelectron JLSC-Si
spectrum of CaCO5/Si0; Peak Position Area FWHM “GL
cqmposﬁe particles, showing 0 1029656V 3083 801 e s
Si 2p peak
112.0 108.0 104.0 100.0 96.0

Binding Energy (eV)
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Table 1 The peak areas (/) and sensitivity factors (S) of Ca and Si
in CaCO5/SiO, composite particles from XPS analysis

Element 1 S
Si 3,083.8 0.29
Ca 16,510.7 1.58

sion in ethanol to remove adsorbed modifying agent, and
the volatile materials were removed by drying at 60 °C.
Then, the modified CaCO5/Si0, composite particles were
heated with monomer, copper(Il) bromide, ligand, initiator,
and solvent to carry out a standard reverse ATRP. Samples
were taken periodically to monitor the conversion and
molecular weight. Conversions of MMA were measured
gravimetrically.

To get information about the molecular weight and
molecular weight distribution of the grafting polymer, the
CaCO05/Si0, composite particle core was etched by HCI
and HF. A 5% HF aqueous solution and a phase transfer
catalyst were added to p-xylene suspension of the PMMA/
CaCO05/Si0, three-component composite particles and
stirred vigorously for 2 h to remove the silica. Then, the
aqueous layer was removed. To the p-xylene suspension, a
5% HCI aqueous solution was added, and the mixture was
stirred for 2 h. The organic layer was collected, the polymer
was isolated by precipitation from methanol, and filtration
and drying were performed to remove the volatiles. To
measure its molecular weight and molecular weight
distribution, GPC was employed.

Scheme 2 Schematic diagrams
of a modification of CaCO;/
SiO, composite particles and

b grafting of methyl methacry-
late onto the surface of CaCOs/
SiO, composite particles

via reverse ATRP

o® |

QOH+R1

%

Shown in Figs. 4 and 5 are the kinetic results and
molecular weight vs conversion curve for the reverse
ATRP of MMA in the presence of modified CaCO5/SiO,
particles. From Fig. 4, it can be seen that the logarithmic
conversion data In([M]y/[M]) increases linearly with time
within the error of the experiment, which illustrates that the
polymerization is quite accurately of the first-order up to
higher conversion. This result indicates that the propagat-
ing active species are constant during the polymerization.
The straight line, however, is not through the origin,
indicating that the polymerization has an induction period.
The plots of number-average molecular weight and
molecular weight distribution vs conversion are shown in
Fig. 5. From this figure, two important features of
controlled/“living” radical polymerization are gained.
One feature is that the number-average molecular weight
increases linearly with monomer conversion within the
error of experiment, which means that the amount of
growing chains is constant and there are essentially no
chain termination and chain transfer. Another feature is the
narrow molecular weight distribution (Mw/Mn<1.25),
indicating that all chains grow simultaneously.

As the polymerization principle of the system, described
in Scheme 2, it showed that polymerization was occurring
both from the surface and in solution. Do the chains grow
at the same rate? The GPC results can answer this question.
The molecular weight distribution of every polymer sample
is narrow (shown in Fig. 5), and the GPC curve appears to
be a monomodal distribution of molecular weight (shown
in Fig. 6). These results indicate that all the chains, no

B
\ C(\C

0-8i-Ch= —cHyEOH 5 Q O- ql -CH=CH,

"%\
(a) ?
" =
R R,
+ MMA AIBN CuBr,/TMEDA + A
p-xylene, 80
R2 R2
R2

|
R,=-O-Si-CH=CH,

(b)
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Fig. 4 First-order kinetic plot 0.5 e E e e e L EN A m e e a e e e e 0.8
for the reverse ATRP of MMA
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matter where they were from, were growing at the same
rate. If they grew at different rate, the molecular weight
distribution would be wide and the GPC curve would show
a dimodal distribution of molecular weight. Additional
analyst of this system was carried out by separating the
polymer chains grafted from the surface of CaCO5/SiO,

Polymerization Time

particles from the polymer chain grown in the solvent. A
large quantity of the obtained mixture in this polymeriza-
tion was suspended in p-xylene and then centrifuged. The
supernatant was decanted and precipitated in methanol to
isolate the free polymer. Fresh p-xylene was added to the
mixture, and the process was repeated several times until

Fig. 5 Molecular weight (Mn) 2.0
and molecular weight distribu-
tion (Mw/Mn) vs conversion in 25000 |- ® Mn ]
the reverse ATRP of MMA in A Mw/M °
the presence of modified L Wi o L 18
CaCO05/Si0, composite particles 1"
20000 |-
/E\ -
% L
= —41.6
_%D 15000 | -— | 2
= | s
=
= 414 =
5 10000
9 °
) I ]
= A R
5000 |- e 112
A A
L o ]
0 1 | 1 | 1 | 1 | 1 1.0
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Conversion (%)
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Fig. 6 GPC chromatograms for 35 =
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no free polymer could be precipitated when the supernatant
was added to methanol. The graft polymer was obtained by
etching CaCO3/SiO, core with HCI and HF followed by
precipitation. Both of the samples were measured by GPC,
and the results were shown in Table 2. From the table, it can
be seen that both the number-average molecular weight and
the molecular distribution of the free polymer and the graft
polymer are approximately equal. This result confirms the
conclusion that either the polymer chain grafting from the
surface or the polymer chain occurring in solvent is
growing at the same rate.

To account for the polymerization of MMA from the
surface of CaCO3/SiO, particles, FTIR and TGA measure-
ments were carried out. Before measurement, the sample

Fig. 7 FTIR spectrum of the
PMMA/CaCO5/Si0, three-
component composite particles

60 <

342395
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404
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251 3%
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Table 2 GPC data for the free and surface-bound polymer chains
from the reverse ATRP of MMA in the presence of modified
CaC05/Si0, composite particles

Molecular weight Mw/Mn
(Mn)
Free polymer in solution 2.61x10* 1.20
Surface-grafted polymer 2.68x10* 1.21

was extracted by THF for 72 h. The free PMMA would be
extracted, and the remaining PMMA was supposed to be
grafted onto the surface of CaCO3/SiO, particles. To make
sure that all the free PMMA had been extracted, the
purified PMMA/CaCO5/SiO, three-component composite
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Pure THF

Fig. 8 FTIR spectra of the pure
THF and the THF in which the
CaCO5/SiO, was soaked

H Soaking THF
100 —

% Transmittance

particles were soaked in fresh THF for another 4 h, the
particles were separated by filtration, and the THF solvent
was collected. Shown in Figs. 7 and 8 are the FTIR spectra
of PMMA/CaCO5/SiO, and that of THF, respectively.
From Fig. 8, it can be seen that there was no difference
between the spectra of the soaking THF and the pure THF
within the error of experiment, indicating that all the free
PMMA had been extracted. Figure 7 shows the IR
spectrum of PMMA/CaCO5/Si0O, three-component com-
posite particles. From the figure, the characteristic absorp-
tion band of carbonyl (>C=0) in PMMA at 1,735 em s

Fig. 9 Thermogravimetric :3';2;1 & ;'jag:ga:;
analysis curve of the PMMA/ Method: TGA

CaCO05/Si0, three-component

T
2000

Wavenumbers (cmr")

observed. The result showing that the PMMA molecules
were grafted onto the surface of CaCO5/SiO, composite
particles was measured using TGA. As the free PMMA was
extracted before TGA measurement, the lost mass and the
remains of the sample during TGA measurement can
substitute the mass of PMMA grafted and that of CaCO5/
SiO, composite particles in Eq. 2. The TGA result of the
extracted PMMA/CaCO5/SiO, particles was shown in
Fig. 9. In the figure, the lost mass is 8%, which represents
the mount of PMMA grafting onto the surface of CaCO3/
Si0O, particles, and the percentage of the remains of the
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sample is 92%. Thus, the grafting percentage is 8.7%,
according to Eq. 2, while the conversion of MMA is 42%
as measured gravimetrically; the grafting efficiency can be
calculated as 2.2% according to Eq. 3. In-depth research on
increasing the grafting percentage and the grafting
efficiency is ongoing in our laboratory, and the results
will be reported as soon as possible.

Conclusion

Polymerization of MMA in the presence of modified
CaCO3/Si0, exhibits the features of controlled/“living”
radical polymerization. First-order kinetic plots and linear
increase of molecular weight (Mn) vs conversion were
observed. Moreover, the molecular weight distribution of

every polymer sample is narrow (Mw/Mn<1.25). Further
researches on the polymerization indicate that both the free
PMMA chains from the solvent and the graft PMMA
chains from the surface of CaCO5/SiO, inorganic particles
were growing simultaneously. Even though the grafting
percentage and the grafting efficiency are low and need to
increase, which is the focus of our following work, this
research provides a novel method for preparing well-
defined multicomponent polymer/inorganic composite via
reverse ATRP under relatively tolerant and innoxious
reaction conditions comparing with that of traditional
ATRP.
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research.
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