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During the last two decades, the introduction of well-
dispersed clay layers such as montmorillonite (MMT) into a
polymer matrix has been proved to be extremely effective in
the improvement of mechanical, thermal, and barrier proper-
ties of the polymers.1 However, the dispersion of clay as indi-
vidual platelets throughout the polymer is difficult to achieve
due to strong van der Waals forces holding platelets together
in conjunction with the incompatibility of the hydrophilic
clay with the organophilic (hydrophobic) polymer matrix,
giving way to clay agglomeration. Thus, the surface of the
clays is commonly modified with a cation exchange tech-
nique to expand basal spacing and make the layered silicate
compatible with polymer matrixes. Currently polymer/clay
nanocomposites can be prepared by three ways such as solu-
tion mixing, melt blending, and in situ polymerization.2 In
the solution mixing method, the polymer is dissolved in an
organic solvent, then the clay is dispersed in the obtained
solution, and subsequently, either the solvent is evaporated
or the polymer precipitated. However, the large quantities of
volatile solvent necessary for this approach make it less
attractive as an industrial process. Melt blending is a sol-
vent-free method to enable mixing of the layered silicate
with the polymer matrix in the molten state. However, very
careful attention has to be paid to finely tune the processing
conditions to increase the compatibility of clay layer surfaces
with the polymer matrix.3 In the in situ polymerization
technique, the monomer, together with the initiator and/or
catalyst, is intercalated within the silicate layers and the

polymerization is initiated by external stimulation such as
thermal, photochemical, or chemical activation.4–16 The chain
growth in the clay galleries triggers the clay exfoliation and,
hence, the nanocomposite formation.

Recently, our group has established a highly efficient method,
namely, copper (I) catalyzed azide/alkyne cycloaddition
(CuAAC) ‘‘click’’ reaction,17 in which exfoliation is rooted in
the functional groups of the intercalant that readily react
with the antagonist groups of the preformed polymers.18–20

To take advantage of click chemistry, azide and alkyne part-
ners could each be incorporated in either the clay surface or
polymer chain. The quantitative efficiency of coupling reac-
tion coupled with tolerance to a wide variety of functional
groups and reaction conditions make this coupling process
highly attractive for the nanocomposite preparation. How-
ever, there are only few examples in the literature to date
regarding the preparation of polymer/clay nanocomposites
via the CuAAC click reaction.21–23

Recently, Huang and coworkers presented a rapid, selective,
and reversible atom transfer nitroxide radical coupling
(ATNRC) reaction, which has the attributes of a ‘‘click’’ reac-
tion with quantitative yields and high tolerance of functional
groups.24–28 This reaction involves formation of a reactive rad-
ical by an atom transfer reaction with a copper catalyst and
trapping of this radical with a persistent nitroxide radical at
close to diffusion-controlled rates. Although, this strategy has
been applied for the preparation of graphene-based
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nanocomposites,29 to the best of our knowledge, it has not
been reported for polymer/clay nanocomposites in the litera-
ture. Here, we report the synthesis of polystyrene (PSt)/MMT
nanocomposites by ATRNC chemistry (Scheme 1). This
approach is conceived to greatly extend the synthetic capabil-
ities of polymer/clay nanocomposites by careful choices of
organic clays and polymers, and the optimization of the syn-
thesizing process to deliver the biggest benefit.

The highly efficient ATNRC chemistry is based on mixing a
nitroxide-containing molecule with corresponding halide-con-
taining polymer in the presence of CuCl/N,N,N0,N00,N00-pen-
tamethyl diethylenetriamine (PMDETA) catalytic system. It
can serve as a relative convenient and safe way with ‘‘click-
like’’ efficiency to synthesize certain macromolecular struc-
tures with well-defined properties. For this purpose, a qua-
ternized ammonium-containing TEMPO was first synthesized
from 4-dimethylamino-TEMPO and methyl bromide,30 then
ion-exchanged with sodium montmorillonite (Na-MMT) to
obtain TEMPO containing organomodified clay (T-MMT). Gal-
lery distances (basal space, d001) of pure clay and organomo-
dified-clay (Na-MMT and T-MMT) were determined by X-ray
diffraction (XRD) analysis (Fig. 1 and Table 1). The pristine
clay sample (Na-MMT) exhibited a peak at 9.80� (Fig. 1, bot-
tom), which corresponded to d001 of 0.90 nm and this peak
shifted to 7.82� for T-MMT, which corresponded to d001 of
1.12 nm. This change indicated that TEMPO was successfully
intercalated into the silicate galleries of the MMT clay. The
mass loss of T-MMT was 21.4%; it indicated that the percent
of attached TEMPO was 13% (Table 1). Larger interlayer
spaces not only help the diffusion of polymer chains but also
assist the exfoliation of silicate layers by providing more
hydrophobic environment. The bromide-functionalized PSt
(PSt-Br) was synthesized by typical ATRP using ethyl-2-bro-
mopropionate as initiator and CuCl/PMDETA as catalyst. The
low-conversion (21%) and low-molecular-weight polymer
(Mn ¼ 2300, Mw/Mn ¼ 1.12) was prepared in order to per-
form successful coupling process.

A series of PSt/MMT nanocomposites (NC-1, NC-3, and NC-
5) were prepared by ATNRC reaction between PSt-Br and T-
MMT in the presence of CuCl/PMDETA using toluene as sol-
vent at 90 �C and the results were summarized in Table 1.

The coupling efficiencies of ATNRC were higher than 90%,
which is similar to that of click chemistry.

Figure 1 shows the XRD patterns of PSt/MMT nanocompo-
sites with the MMT contents of PSt-MMT-1%, �3%, -5%, and
pure T-MMT. The characteristic peak of the T-MMT disap-
pears in the XRD patterns of PSt-MMT-1% nanocomposite
(NC-1), which indicates the formation of exfoliated structure
of clay. However, it was found that partially exfoliated or
intercalated structures existed in the high clay content sys-
tem (PSt-MMT-3% and -5%) probably due to the difficulty
for overcoming the intensive ionic attraction between the
neighboring platelets.

Although XRD offers a convenient and practical method to
determine the interlayer spacing, it cannot be used alone as
a criterion for exfoliation. Several factors such as clay dilu-
tion, peak broadening, and preferred orientation make XRD
characterization of nanocomposite susceptible to errors.
Thus, transmission electron microscope (TEM) studies are
necessary to verify the dispersion of silicate layers in the
polymer matrix and exfoliation achieved. Figure 2 presents
the high magnification TEM images of PSt/MMT nanocompo-
sites containing 1.0 and 5.0 wt % T-MMT, respectively. The
dark lines represent the clay nanolayers, whereas the gray
areas correspond to the PSt matrix. The images clearly
revealed that some of silicate layers were dispersed uni-
formly, indicating most of the silicate layers were exfoliated.
In some areas, intercalated layers with a size of 50–100 nm
were also observed. Combined together with the results of
XRD and TEM, it can be concluded that an exfoliated and
intercalated structure co-exists (also called incomplete exfoli-
ation) in the nanocomposites.

The thermogravimetric analysis (TGA) curves of pure poly-
mer and PSt/MMT nanocomposite recorded in inert atmos-
phere are shown in Figure 3. As indicated in the figure, the
thermal behavior of the nanocomposite is quite similar to the
pure polymer and single step decomposition is observed for
all the samples. The values of onset (T10) and midpoint (T50)

SCHEME 1 Preparation of PSt/MMT nanocomposites by

ATRNC chemistry.

FIGURE 1 X-ray diffractions of Na-MMT, T-MMT, and all

nanocomposites.
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degradation temperatures are compared in Table 1. It can be
clearly found that both degradation temperatures of the
nanocomposites shifted significantly toward higher tempera-
tures compared with those of the neat PSt. These improve-
ments could be associated with the clay as an inorganic mate-
rial with high thermal stability and great barrier properties
that can prevent the heat from transmitting quickly and can
limit the continuous decomposition. As the clay contents
increases from 1 to 5 wt %, the increase of 8.2–14.1% of the
char residue is also observed, which means that the silicate
layers can promote the charring process during the decompo-
sition process. The increase in char yield implies the reduc-
tion of the polymer’s flammability. According to the differen-
tial scanning calorimetry (DSC) characterization, the glass
transition temperature of the nanocomposites increased with
the clay content by a maximum of 12 �C (Table 1).

In summary, the ATRNC chemistry has been extensively used
for past years in synthesis of various complex macromolecu-
lar architectures. Applied to polymer/clay nanocomposites,
this reaction demonstrated its potential and versatility.

Spectroscopic and microscopic investigations revealed that
successful nanocomposite formation has been achieved by
this method. Addition of small amounts of layered silicate
loadings resulted in remarkable improvements of thermal
properties of nanocomposites. The ATRNC chemistry may be
an ideal modular methodology for the introduction of a wide
variety of molecules in to clay layers. By applying this
approach, one can easily prepare polymer nanocomposites
with desired properties, which enhance their importance in
material science.

EXPERIMENTAL

Materials
Na-MMT (Cloisite Naþ) was purchased from Southern Clay
products with cation exchange capacity of 92.6 mequiv/100
g and used as received. Styrene (St, 99%, Aldrich) was
passed through a basic alumina column to remove the inhibi-
tor. PMDETA (99%, Aldrich), as a ligand, was distilled before
use. Ethyl-2-bromopropionate (99%, Aldrich) and copper(I)
chloride (97%, Aldrich) were used as received. Quaternary

TABLE 1 Physical Properties of PSt/MMT Nanocomposites and Their Components for Comparison

Weight Loss

Temperaturec

(�C)

Entry Clay (%) Conv.a d001
b (nm) Tg

c (�C) 10% 50% Char Yieldc (%)

Na-MMT – – 0.90 – – – 91.6

T-MMT – – 1.12 – 498 – 78.6

PSt-Br – – – 93 290 348 <1

NC-1 1 91 – 96 292 385 8.2

NC-3 3 93 1.43 101 304 393 11.9

NC-5 5 96 1.50 105 343 400 14.1

a Determined gravimetrically.
b Basal spacing (d001) is calculated by XRD analysis.

c Determined by DSC and analyses under a nitrogen flow at a heating

rate of 10 �C/min.

FIGURE 2 TEM micrographs showing exfoliated/intercalated silicate layers in NC-1 (A) and NC-5 (B) samples at 10 nm

magnifications.
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ammonium-2,2,6,6-tetramethyl-1-piperidinyloxy (Q-TEMPO)
synthesized according to the literature procedure.30 Other
solvents were purified by conventional drying and distilla-
tion procedures.

Preparation of Organically Modified Clay (T-MMT)
The organically TEMPO-modified montmorillonite (T-MMT)
was prepared through cationic exchange between Na-MMT
and Q-TEMPO in an aqueous solution. A separate solution of
MMT (50 mg) and Q-TEMPO (20 mg, 0.1 mmol) was dis-
persed in 10 mL of deionized water at 50 �C for 24 h. Then,
the two solutions were mixed vigorously and the total vol-
ume was brought up to 100 mL and stirred for 24 h at 50
�C. After mixing, the T-MMT was recovered by filtering the
solution, followed by repeated washings of the filter cake
with deionized water to remove the excess of ions. The final
product was dried in a vacuum oven at room temperature
for 24 h.

Preparation of Polystyrene by ATRP (PSt-Br)
CuCl (0.25 g, 1.72 mmol), PMDETA (361 lL, 1.72 mmol),
ethyl-2-bromopropionate as an initiator (225 lL, 1.72 mmol),
and styrene (20 mL, 172 mmol) were introduced in a Schlenk
tube, and the reaction mixture was degassed by three freeze-
pump-thaw cycles and sealed in vacuum. The tube was
heated to 90 �C in an oil bath and stirred for 45 min. Then,
the mixture was diluted with THF, and passed through an
alumina column to remove the complex salts. Precipitation of
the polymer was performed in a 10-fold volume of methanol.
The solid was then collected after filtration. (Conversion ¼
12, Mn,theo ¼ 2520, Mn,GPC ¼ 2300, Mw/Mn ¼ 1.12).

Synthesis of Polystyrene/MMT Nanocomposites (NC-1,
NC-3, and NC-5) via ATRNC Chemistry
The organophilic clay (T-MMT, 1%, 3%, and 5% of the mono-
mer by weight), PSt-Br (230 mg, 0.1 mmol), PMDETA (60.3
lL, 0.3 mmol), copper chloride (CuCl, 9.9 mg, 0.1 mmol), and
toluene (1 mL as solvent) were mixed into a round-bottom
flask, and then, the reaction mixture was degassed by three
freeze-pump-thaw cycles and sealed in vacuum. The mixture
was placed in a thermostated oil bath at 120 �C for 4 h. At

the end of the polymerization, the mixture was precipitated
into methanol, filtered, dried, and weighted.

Characterization
Molecular weights were determined by gel permeation chro-
matography (GPC) using an instrument consisting of a Visco-
tek GPCmax Autosampler, a pump, three ViscoGEL GPC col-
umns (G2000HHR, G3000HHR, and G4000HHR), and a
Viscotek differential refractive index (RI) detector with a
THF flow rate of 1.0 mL min�1 at 30 �C. The RI detector
was calibrated with PSt standards having narrow molecular
weight distribution. Data were analyzed using Viscotek
OmniSEC Omni–01 software. The powder XRD measure-
ments were performed on a PANalytical X’Pert PRO X-ray dif-
fractometer equipped with graphite-monochromatized Cu Ka
radiation (k ¼ 1.15 Å). DSC was performed on a Perkin-
Elmer Diamond DSC with a heating rate of 20 �C/min under
nitrogen flow (20 mL/min). TGA was performed on a Per-
kin-Elmer Diamond TA/TGA with a heating rate of 10 �C/
min under nitrogen flow (200 mL/min). TEM imaging of the
samples was carried out on a FEI TecnaiTM G2 F30 instru-
ment operating at an acceleration voltage of 200 kV. Ultra-
thin TEM specimens (ca. 100 nm) were prepared by using a
cryo-ultramicrotome (EMUC6 þ EMFC6, Leica) equipped with
a diamond knife. The ultrathin samples were placed on holey
carbon-coated grids for TEM analyses.
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