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ABSTRACT: Well-defined polymer-Mg(OH), nanocom-
posites were prepared by atom transfer radical polymeriza-
tion (ATRP). The ATRP initiators were covalently attached
to the Mg(OH), by esterification of 2-chloropropionyl chlo-
ride with hydroxyl group. The amount of polymer grafted
from Mg(OH), can be controlled using a different catalyst
system and adding a small amount of polar solvent. The
well-defined diblock copolymer, consisting of poly(styrene)
(PS) and poly(methyl methacrylate) (PMMA) were synthe-

sized. The products were characterized by nuclear magnetic
resonance, Fourier transform infrared, differential scanning
calorimetry, and thermal gravimetric analysis. The mor-
phologies of PS/PMMA and PS/PMMA /Mg(OH),-g-PS-b-
PMMA blends are compared by using a scanning electron
microscope. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 103:
3680-3687, 2007
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INTRODUCTION

Mg(OH), is extensively adopted as a flame-retardant
additives in polymers because it has a high endother-
mic decomposition temperature and low cost.'”
Mg(OH), is more environmental friendly than halo-
gen-based flame-retardants and has excellent smoke
suppressing properties. The use of Mg(OH), as a
flame-retardant has some shortcomings. Many inves-
tigations have established that Mg(OH), loadings of
more than 60% by weight are generally required to
confer an adequate level of flame retardency in poly-
mer. However, such high loadings significantly de-
grade the mechanical properties of the polymer,
because the compatibility between the filler and the
polymer substrate is poor. Modifying the surface and
reducing the size of the Mg(OH), specimen are the
most important methods for improving compatibility
and solving this problem.

Surface modification of inorganic nanoparticles by
chemically bonded has attracted increasing attention
in recent years.*® This interest is partly driven by a
fundamental study of interfacial phenomena and also
by the prospect of improved surface wettability and
lubricity, and dispersion of particulates. Known
methods for grafting polymer chains to particle sur-
faces including chemisorption of reactive polymer
end group to the surface, grafting a polymer chain
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through a monomer covalently linked to the surface,
or grafting a polymer chain from a surface modified
with polymerization initiators. In the grafting process,
a ““controlled/living” polymerization method would
be optimal, because such methods afford control over
the molecular weight, the molecular weight distribu-
tion, and the structure of resulting polymer. Atom
transfer radical polymerization (ATRP) is one of the
most successful “controlled/living”” polymerization
methods that have developed in recent years.”'? Sev-
eral groups have demonstrated that ATRP is very ver-
satile and is tolerant of a wide range of functional
groups present in the monomer, solvent, or initiator.
ATRP has been adopted to prepare a wide range of
architectures, including those of block, star, gradient
and statistical copolymers, as well as well-definded
macromonomers.

Metal oxide, such as SiO, and Fe,O5; nanoparticles
are most used for surface-initiated polymerization. In
this field, there are few papers using Mg(OH), nano-
particle as a core to synthesis polymer-Mg(OH),
nanocomposites.’® This investigation reports structur-
ally well-defined polymer-nanoparticle hybrid that
were prepared by modifying the surface of Mg(OH),
with 2-chloropropionyl chloride as an initiator for
ATRP reaction (Scheme 1). The effect of the solvent
and ligand on the efficiency of the reaction is dis-
cussed in this study. The well-defined diblock co-
polymer shell, consisting of diblock copolymer of
poly(styrene) (PS) and poly(methyl methacrylate)
(PMMA) were synthesized to confirm the existence of
“living”” chain ends. Microscopic studies reveal the
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Scheme 1 The synthetic route of Mg(OH),-¢-PS-b-PMMA nanocomposites.

effectiveness of adding Mg(OH),-¢g-PS-b-PMMA as a
compatibilizer to the polymer blend PS/PMMA, which
reduces the phase separation and promotes interfacial
interaction between domains.

METHODS

CuCl (Merck, 99%), N,N,N',N',N"-pentamethyldiethy-
lenetriamine (PMDETA) (Aldrich, 99%), and 2-chloro-
propionyl chloride (Fluka, 95%) were used without
further purification. 2,2-Bipiridyl (Bpy) (Fluka, 98%)
was purified by recrystallization from n-hexane. Sty-
rene and methyl methacrylate were passed through a
column that was filled with aluminum oxide to
remove the inhibitor. Mg(OH), nanoparticles (70 nm)
were obtained from Desun Co.

Attachment of initiators to Mg(OH),

The functional initiator, 2-chloropropionyl chloride,
was used as the modified reagent in the ATRP reac-
tion on the Mg(OH), surface. 0.5 g Mg(OH), nanopar-
ticles and 20 mL toluene were mixed and stirred vigo-
rously about 10 min to ensure thorough dispersion.
2-chloropropionyl chloride was added to the reactor
and all the modified reactions proceeded in a drying
tube filled with MgSO,. The polymerization reactions
for different durations at various temperatures and
various concentrations were observed. The thermal
gravimetric analysis (TGA) results of the products
were used to calculate the values of the modifying
agent on the Mg(OH), surface.

Synthesis of Mg(OH),-g-PS particle

About 0.5 g initiator-attached Mg(OH), (4.25 x 10~*
mol Cl), 0.041 g CuCl (425 x 10~* mol), 0.131 g 2,2-
bipridyl (8.5 x 10~* mol) or 0.147 g PMDETA (8.5
x 107* mol), and 13.278 g styrene (0.127 mol) were

placed in three glass ampoules and degassed with
three vacuum/nitrogen cycles. In some experiments,
small amounts of solvent with different polarity index
were added. All reactions were conducted under
nitrogen at 80-110°C for 48-96 h. The reactions were
terminated by adding the methanol and washing sev-
eral times by water and methanol to remove remnant
monomer and oligmer. The products of the Mg(OH),-
g-PS particle were dried in a vacuum oven at 50°C.

Synthesis of Mg(OH),-g-PS-b-PMMA
nanocomposite

Approximately 0.25 g Mg(OH),-¢g-PS macroinitiators
(2.125 x 10~* mol Cl), 0.041 g CuCl (4.25 x 10~* mol),
0.147 g PMDETA (8.5 x 10~ * mol), 6.38 g MMA (0.064
mol), and 20 mL THF were placed in three glass
ampoules and degassed during three vacuum/nitro-
gen cycles. All reactions were conducted under
nitrogen at 60°C for 24-48 h. The reactions were

OH
O HO_ | OH o

f"[a\T)j\ _?'- 4 : AU . - o
i 0 HO— O CHyw oo Bl
“'“‘2_ 0"
ik T B

o” 1 OH
HO o

¢l 1

Wareenumbea|cm-1]
Figure 1 FTIR spectra of (a) pure Mg(OH), nanoparticle,
(b) 2-chloropropionyl chloride, and (c) initiator-attached
Mg(OH)..
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TABLE 1
Reaction Parameters for Attachment of Initiators to Mg(OH),
Molar ratio Residue (%) Modified
No. T (°C) Time (h) of I/M? (500°C)° content (%)°

ACl6 25 0.5 1 64.60 8.19
AC15 25 4 1 63.58 9.21
AC18 25 12 1 60.00 12.79
AC19 25 24 1 48.94 23.85
AC22 10 4 1 65.91 6.88
AC20 50 4 1 62.59 10.2

AC21 80 4 1 52.48 20.31
AC24 25 4 0.5 62.37 10.42
AC23 25 4 2 62.08 10.71

#1/M = 2-chloropropionyl chloride/Mg(OH)s.
" The value of residue at 500°C were determined by TGA.
¢ Modified content = The residue at 500°C before modified (72.79%) — the residue at

500°C after modified.

terminated by methanol and washed three times by
water and methanol. The products were dried in a
vacuum oven at 50°C to yield the Mg(OH),-g-PS-b-
PMMA nanocomposites. The diblock copolymer of PS
and PMMA were characterized by nuclear magnetic
resonance (NMR) to calculate the molar ratio of PS
and PMMA. The TGA and differential scanning calo-
rimetry (DSC) data specify the formation of diblock-
copolymer shells.

Cleavage of PS from Mg(OH),

The Mg(OH),-g-PS hybrid particles were detached
from the Mg(OH), surface via transesterification.
About 0.2 g Mg(OH),-g-PS hybrid particles were sus-
pended in 10 mL THF, and 0.1g of Aliquot 336 was
added as a phase transfer catalyst. A 10 mL of 40%
aqueous HF was then added, and the mixture was
stirred at ambient temperature overnight. PS was iso-
lated by precipitation into methanol and dried in the
vacuum. Molecular weights of PS were determined

TABLE II
The Amount of PS Grafted from Mg(OH), in the
Different Reaction Condition of ATRP?

Run T (°C) Time (h) Solvent® Ligand PS (%)
AS1a8 80 72 - Bpy None
AS26 80 48 - PMDETA 28.11
AS21 80 72 THF Bpy 13.04
AS22 80 72 H,0 Bpy 9.19
AS23 80 72 Toluene  Bpy 3.44
AS19 110 72 - Bpy 26.00
AS20 110 96 - Bpy 51.53
AS29 110 60 - PMDETA 69.23
AS27 110 72 - PMDETA 69.04

@ All the ATRP reaction use AC15 (25°C, 4 h) as macroi-
nitiator.

b Polarity index of THF = 4, H;O = 9, toluene = 24,
and the ratio of Mg(OH),/monomer/solvent = 0.5 g/
13.278 g/0.1 mL.

¢ The amounts of grafted PS were calculated using TGA.
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by using waters size exclusion chromatography (SEC)
system with THF as eluent (1 mL/min) at 30°C with
differential refractive index detection.

RESULTS AND DISCUSSION
Attachment of initiators to Mg(OH),

Esterification of Mg(OH), with 2-chloropropionyl
chloride yields a compound with reactive species to
initiate the ATRP reaction for vinyl monomers. Figure 1
presents Fourier transform infrared (FTIR) spectra of
Mg(OH), nanoparticles, 2-chloropropionyl chloride,
and initiator-attached Mg(OH),. The —C=0O group
of 2-chloropropionyl chloride appears at 1790 cm ™"
[Fig. 1(b)] but shifts to 1630 cm ! after esterification
to form initiator-attached Mg(OH), [Fig. 1(c)]. This
result establishes that the bonding between 2-chloro-
propionyl chloride and Mg(OH), nanoparticles is
covalent bonds but not adsorption. Table I presents
the degrees of modification with different reaction pa-
rameters. The results show that the modified content
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Figure 2 FTIR spectra of Mg(OH),-g-PS with different
amount grafted PS.



ATRP FROM Mg(OH), TO PREPARE POLYMER-Mg(OH),

3683

Figure 3

increases with the reaction time (run AC15, AC16,
AC18, and AC19) and the temperature (run AC15,
AC20, AC21, and AC22). However, changes in the
concentrations of 2-chloropropionyl chloride do not
markedly affect the modified content (run ACIS5,
AC23, and AC24).

Mg(OH),-g-PS particles

The efficiency of the ATRP to synthesize the Mg(OH),-
g-PS particles is the key procedure in the whole nano-
composite synthesis. The relative amount of grafted
polymer compared with that of Mg(OH), was deter-
mined by TGA. Table II presents the results including
some important information. The ATRP reactions are
undertaken using Bpy and PMDETA as a ligand. In
the CuCl/Bpy system, the reaction of ATRP does not
proceed at 80°C when using bulk polymerization. The
initiator-attached Mg(OH), cannot initiate the ATRP
reaction since the reactions are heterogeneous. How-
ever, although the CuCl/PMDETA system still has an
immiscible interface between organic and inorganic
materials, the reaction rate can be increased above
that of the CuCl/Bpy system. The activity of N-based
ligands in ATRP increases with the number of the
nitrogen atoms in the ligand and provide more coor-
dinating sites to obtained better graft efficiency.'*
However, if small amounts of polar solvents, such as

SEM pictures of (a) pure Mg(OH), nanoparticle (70 nm), (b) 51.53% PS (AS20), and (c) 69.04% PS (AS27).

THF, H,O, and toluene are added, then the ATRP
reaction can be accelerated. The most likely explana-
tion for the increased in the rate of ATRP in polar sol-
vent is that the presence of more electrons rich envi-
ronment leads to the formation of the more active
Cu I catalyst, and increases the rate of active reac-
tion.”>7 At the higher temperature 110°C, the ATRP
reaction proceeds successfully with Bpy or PMDETA
as a ligand in bulk polymerization. FTIR and scan-
ning electron microscope (SEM) can prove that the
“grafting from” reaction proceed successfully. The
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Figure 4 Dependence of M, and M,/M, on reaction
time for the ATRP of styrene from Mg(OH), nanoparticles.
Experimental conditions: [monomer] : [initiator] : [CuCl] :
[PMDETA] =300:1:1:2 in bulk polymerization at 110°C.
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Figure 5 FTIR spectra of (a) Mg(OH),-g-PS and (b) Mg(OH),-g-PS-b-PMMA.

FTIR spectra (Fig. 2) indicate that the peak of Mg-O at
460 cm ™' disappears when a large amount of grafted
polymer is obtained, because the thickness of the graft
polymer exceeds the depth of penetration of IR
source. The morphologies of pure Mg(OH), nanopar-
ticles and Mg(OH),-g-PS with different amounts of
grafted polymer were investigated using SEM (Fig. 3).
Figure 3(a) revealed that pure Mg(OH), nanoparticles
are spherical and having a uniform size about 70 nm.
The modified Mg(OH), nanoparticles were used as

macroinitiators in the ATRP reaction. Therefore,
much larger particles are obtained when the polymer
chains grow from the Mg(OH), surface. Figure 3(b)
shows that the Mg(OH),-¢-PS with lower conversion
is still maintain spheroid. The results show that the
polymer chains grafting from the Mg(OH), surface.
Figure 3(c) presents the more converted sample. The
compacted and large amounts of polymer chains
“clothe” the Mg(OH), nanoparticles and become bulk
materials. As expected, the bulk materials with
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Figure 6 The 'H-NMR spectrum of Mg(OH),-¢g-PS-b-PMMA.
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TABLE III
Properties of Mg(OH),-g-PS-b-PMMA Nanocomposites®

No. Macroinitiator Time (h) PS content® PMMA content® T, (°O) T, (°C)
AS20 - - 1 0 356.1 83.9
ASC20-36 AS20 36 1 3.14 338.5 127.2
ASC20-48 AS20 48 1 5.14 339.1 1274
AS27 - - 1 0 390.3 106.7
ASC27-24 AS27 24 1 0.39 376.4 109.1/131.6
ASC27-36 AS27 36 1 0.79 373.1 109.1/130.2
ASC27-48 AS27 48 1 10.46 340.4 129.3

? Experimental conditions: temperature 60°C, solvent THF 20 mL, [MMA] : [CuCl] : [PMDETA] =150 : 1 : 2.
P The ratio of PS and PMMA were determined using "H-NMR.

chemically bonded between organic and inorganic
has better properties than traditional composites.

Information about the molecular weights and mo-
lecular weight distributions of the grafted PS were
gained by etching the Mg(OH), core. In this section,
the ATRP reactions are undertaken in CuCl/PMDETA
system at 110°C for 36-72 h. The molecular weights
measured by SEC increase linearly with reaction time,
and the molecular weight distributions (M,,/M,,) are
relatively low (< 1.6). The results revealed that the
graft polymerization of styrene from Mg(OH), sur-
face via ATRP is a “living”/controlled polymeriza-
tion. Figure 4 shows the molecular weight and molec-
ular weight distributions versus reaction time for
ATRP of PS from Mg(OH), nanoparticle.

Mg(OH),-g-PS-b-PMMA nanocomposite

The “living” chain ends of Mg(OH),-¢-PS macroini-
tiator are served as surface-initiated of ATRP to syn-
thesize the PS-b-PMMA diblock copolymer.'®! The
composition of the Mg(OH),-¢g-PS-b-PMMA was char-
acterized by FTIR and proton NMR spectroscopy.
Figure 5 presents the FTIR analysis of the Mg(OH),-g-
PS and Mg(OH),-g-PS-b-PMMA nanocomposites. The
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Figure 7 The DSC curves of (a) AS20, (b) ASC20-36, and
(c) ASC20-48.

most interesting characteristic of the FTIR spectra of
Mg(OH),-g-PS-b-PMMA is the appearance of adsorp-
tion peaks at 1710 cm ™' and 1100-1400 cm ', which
are characteristic peaks of PMMA. The molar ratio of
PS and PMMA in the Mg(OH),-g-PS-b-PMMA nano-
composites can be calculated from NMR spectra (Fig. 6).
The aromatic units from the PS block can be assigned
to the peak of 6.3-7.2 ppm, and the —OCHj; units
from the PMMA block can be assigned to the peak of
3.6 ppm. Table III shows the diblock copolymer can
be synthesized successfully in two different macroini-
tiators, AS20, which contains 48.47% of Mg(OH),, and
AS27, which contains 30.96% of Mg(OH),. In the
AS20 macroinitiator, the PMMA block content in-
creases with the polymerization time. The thermal
properties, including T,; and T,, establish the forma-
tion of the diblock copolymer.'®2! The T, shifts
downward and the T, shifts upward as anticipated
for the PMMA block. Only one T, is observed and ex-
plained below (Fig. 7). Comparing the normal diblock
copolymer, the polymer chain of PS in the Mg(OH),-
g-PS-b-PMMA was fixed between Mg(OH), and the
PMMA block. This result confines the flexure of PS
block and leads to the unapparent T, when the large
amount of PMMA block was grafted. All of the ther-
mal properties of the PS block weakly affect the
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Figure 8 The DSC curves of (a) AS27, (b) ASC27-24, (c)
ASC27-36, and (d) ASC27-48.
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Figure 9 The SEM micrographs of (a) PS/PMMA blend [50/50 wt %] and (b) PS/PMMA /Mg(OH),-g-PS-b-PMMA blend

[50/50/20 wt %].

Mg(OH),-g-PS-b-PMMA because the amount of PS is
small.

In the AS27 macroinitiator, the contents of the
PMMA block increases with the reaction time but
exceed the linearly living polymerization character in
the ASC27-48. It is probably due to the autoaccelera-
tion caused by the sudden elevation of viscosity, and
leads to a rapidly increasing rate of polymerization.
T, in the ASC27 series exhibits the same change,
declining by 17°C for ASC27-36 and even 50°C for
ASC27-48, because the PMMA block content is high.
ASC27-24 and ASC27-36 exhibit two glass transition
regions, Te,ps = 109°C, associated with the PS block,
and Typvma = 130°C, associated with the PMMA
block (Fig. 8). A small amount of PMMA block
reduces the “confinement effect” and two T, values
can be observed apparently. All of the thermal prop-
erties demonstrate that the well-defined Mg(OH),-g-
PS-b-PMMA nanocomposites can be synthesized suc-
cessfully using ATRP technology.

PS/PMMA and PS/PMMA/Mg(OH),-g-PS-
b-PMMA blends

The morphology of PS/PMMA and PS/PMMA/
Mg(OH),-¢g-PS-b-PMMA blends formed by solution
blending was studied, using scanning electron mi-
croscopy. Figure 9(a) shows SEM micrographs of the
fractured cross section surface of PS/PMMA with a
50/50 weight ratio. Figure 9(b) shows that 20 wt % of
Mg(OH),-g-PS-b-PMMA was added as a compatibil-
izer in the PS/PMMA blend. In the homopolymer
blend, the polymers are grossly phase-separated and
poorly dispersed domains at the fracture surface, as
shown in Figure 9(a). The lack of adhesion between
PS and PMMA is evident, wherein dispersed particles
do not adhere to the PS and leave cavities with a
smooth surface. The similar blend that contains
Mg(OH),-g-PS-b-PMMA has a totally different mor-

Journal of Applied Polymer Science DOI 10.1002/app

phology, as shown in Figure 9(b). The presence of
Mg(OH),-g-PS-b-PMMA is associated with in a more
homogeneous morphology. The use of the coreactive
diblock copolymers imparted significant changes
on the phase morphology, with a substantial decrease
in phase size. Mg(OH),-g-PS-b-PMMA is clearly an
effective compatibilizer in the PS/PMMA blends.

CONCLUSIONS

Structurally well-defined polymer-nanoparticle hy-
brids were prepared by ATRP through modifying the
surface of Mg(OH), nanoparticles as an initiators. The
polymerization of styrene displayed the amount of PS
grafted from the Mg(OH), surface can be increased
by using the CuCl/PMDETA system and adding a
small amount of polar solvent. FTIR spectra and SEM
images presents the successful proceeding of the
“graft from” reaction. In the meanwhile, polymeriza-
tions of styrene using the nanoparticle initiators
showed the diagnostic criteria for a “living”/con-
trolled radical polymerization in CuCl/PMDETA sys-
tem. Additionally, the synthesis of a diblock copoly-
mer shell using an Mg(OH),-g-PS as macroinitiator
demonstrates the existence of “living” chain ends.
The morphology of polymer blends establishes the
effectiveness of Mg(OH),-g-PS-b-PMMA in the PS/
PMMA blends by improving dispersion and increas-
ing interfacial interaction between domains. Signifi-
cantly, this procedure can be extendable to any poly-
mer that can be grafted from an initiator bound to
inorganic materials.
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