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ABSTRACT: Synthesis of poly(styrene-block-tetrahydrofuran) (PSt-b-PTHF) block co-
polymer on the surfaces of intercalated and exfoliated silicate (clay) layers by mecha-
nistic transformation was described. First, the polystyrene/montmorillonite (PSt/
MMT) nanocomposite was synthesized by in situ atom transfer radical polymeriza-
tion (ATRP) from initiator moieties immobilized within the silicate galleries of the
clay particles. Transmission electron microscopy (TEM) analysis showed the exis-
tence of both intercalated and exfoliated structures in the nanocomposite. Then, the
PSt-b-PTHF/MMT nanocomposite was prepared by mechanistic transformation from
ATRP to cationic ring opening polymerization (CROP). The TGA thermogram of the
PSt-b-PTHF/MMT nanocomposite has two decomposition stages corresponding to
PTHF and PSt segments. All nanocomposites exhibit enhanced thermal stabilities
compared with the virgin polymer segments. VVC 2009 Wiley Periodicals, Inc. J Polym Sci

Part A: Polym Chem 47: 2190–2197, 2009
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INTRODUCTION

There has been intense interest in the prepara-
tion of polymer/clay nanocomposites over the last
decade as a result of improvements in many phys-
ical properties, such as flame retardancy, high
dimensional stability, and mechanical strength
when compared with the pure polymer or conven-
tional composite materials with microscale struc-
ture.1–3 Two idealized structures of the polymer/
clay composites can be achieved: intercalated and
exfoliated structures. These are contingent upon

the distribution and ordering of the clay particles
or layers in the polymer matrix. The exfoliated
structure is obtained when the individual silicate
layers are fully dispersed in a polymer matrix
with nanoscopic dimensions. Often, the silicate
layers are not completely exfoliated and are better
described either as intercalated or as both. There
are several methods to synthesize polymer/clay
nanocomposites: solution exfoliation, melt interca-
lation, and in situ intercalative polymerization.4

In the in situ intercalative polymerization tech-
nique, the silicate layers are swollen within the
monomer solution. The polymerization happens
between the intercalated layers and is initiated ei-
ther thermally or chemically in situ. Various
in situ polymerization methods for preparing
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polymer/clay nanocomposites are reported. These
include ring-opening polymerization (ROP),5–8

controlled radical polymerization (CRP),8–20 con-
ventional free radical polymerization,21–27 cationic
polymerization,26,28,29 and living anionic polymer-
ization.30

Although most of the efforts have been concen-
trated on homopolymers, there is also interest in
block copolymer silicate nanocomposites because
of their higher complex structure and technologi-
cal significance. However, there are few reports
on in situ preparation of block copolymer silicate
nanocomposites8,11,12,31,32 such as: poly(styrene-b-
butyl acrylate)/silicate nanocomposite11,12 by
in situ sequential atom transfer radical polymer-
ization (ATRP)33–35 from initiators immobilized
within the silicate galleries of the clay particles
and poly(styrene-b-caprolactone)/silicate nano-
composite8 by nitroxide mediated polymerization
(NMP) and ROP process from a silicate anchored
bifunctional initiator concurrently.

Mechanistic transformation provides a facile
route to synthesis of block copolymers that cannot
be made by a single polymerization mode.36–40 In
this concept, a polymer, obtained by a particular
polymerization mechanism, is functionalized ei-
ther by initiation or termination steps.41–44 The
polymer is isolated and purified, and finally, the
functional groups are converted into another kind
of species capable of initiating the polymerization
of the second monomer.45,46 A wide range of com-
binations of different polymerization modes has
been reported and recently reviewed.40

In this article, we report a transformation
approach for the synthesis of (PSt-b-PTHF)/MMT
nanocomposite involving a mechanistic change
from ATRP to cationic ring opening polymeriza-
tion (CROP).43 The resulting exfoliated polymer/
clay nanocomposites have been characterized by
X-ray diffraction (XRD) spectroscopy, thermogra-
vimetric analysis (TGA), and transmission elec-
tron microscopy (TEM).

EXPERIMENTAL

Materials

Montmorillonite (MMT) was kindly donated by
Sud Chemie [Nanofil 116, cationic (Naþ) exchange
capacity of 100 meq/100 g]. Styrene (St; 99%,
Aldrich) was passed through basic alumina col-
umn to remove the inhibitor. Tetrahydrofuran
(THF; HPLC grade, Aldrich) was dried on sodium
wire under reflux in the presence of traces of ben-

zophenone until a blue color persisted and was
used directly after distillation. N,N,N,N00,N00 pen-
tamethyldiethylene triamine (PMDETA; 99%,
Aldrich), used as a ligand, was distilled before
use. Silver hexafluorophosphate (AgPF6; 98%,
Acros), copper bromide (CuBr; 98%, Acros), 6-
amino-1-hexanol (97%, Acros), 2-bromoisobutyryl
bromide (98%, Aldrich), hydrochloric acid (HCl;
37% ACS reagent, Aldrich), and sodium chloride
(NaCl, 98%, Acros) were used as received. Other
solvents were purified by conventional drying and
distillation procedures.

Synthesis of 6-[(2-bromo-2-methylpropanoyl)
oxy]hexan-1-Ammonium Chloride

For this purpose, first the quaternization of the
amine group of 6-amino-1-hexanol was performed.
Thus, 1.5 g 6-amino-1-hexanol (14.6 mmol) was
dissolved in 6 mL CH2Cl2 in a schlenk flask under
argon atmosphere. Saturated HCl/diethyl ether
solution (30 mL) was added drop wise to the solu-
tion, and the mixture was stirred for 3 h. After
evaporation, the yellowish product (6-hydroxy
hexan-1-ammonium chloride) was obtained.
Then, it was dried in vacuo at ambient tempera-
ture for 24 h.

In the second part, the esterification of 6-
hydroxy hexan-1-ammonium chloride with 2-
bromo-isobutyryl bromide was performed. 6-
hydroxy hexan-1-ammonium chloride (1.4 g, 13.7
mmol) was dissolved in 10 mL anhydrous acetone
into a balloon and was cooled in an ice bath. A so-
lution of 2-bromoisobutyryl bromide (1.7 mL, 13.7
mmol) dissolved in 10 mL anhydrous acetone was
added drop wise into a balloon. After stirring the
mixture for 20 h, the solvent was evaporated. The
final product was precipitated in cold diethyl
ether and filtered. Then, it was dried in vacuo at
ambient temperature for 24 h (70% yields).

The initiator’s 1H NMR data were represented
as below:

1H NMR (CDCl3, 300 MHz) 7.978 [s, 3H, NH3],
4.178 (t, 2H, CH2O), 3.075 (m, 2H, CH2N), 1.79 [s,
6H, (CH3)2], 1.744 (m, 2H, CH2), 1.726 (quintet,
2H, CH2), 1.677 [m, 4H, (CH2)2]

Preparation of the ATRP Initiator/MMT (O-MMT)

Modification of the clay was carried out according
to described procedure.18 The initiator was ion-
exchanged onto MMT. The initiator (1000 mg)
and montmorillonite clay (2500 mg) was added
into 50 mL of acetone, and the mixture was
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stirred overnight. The solids were filtered and
washed with acetone than dried in vacuo, at room
temperature (organic content of organomodified
clay was found to be around 17 wt % as calculated
by TGA).

Synthesis of Polystyrene/Clay
Nanocomposite via ATRP

The above obtained organomodified montmoril-
lonite (O-MMT, 250 mg, 0.174 mmol (organic con-
tent), monomer (St, 2 mL, 17.4 mmol), CuBr (17
mg, 0.174 mmol), and PMDETA (0.021 mL, 0.174
mmol) were added to the flask. The reaction mix-
ture was degassed by three freeze-pump-thaw
cycles and left in vacuo. The tube was then placed
in a stirrer at 110 �C for given time. The mixture
was precipitated in methanol, and the precipi-
tated polymer was filtered off and dried in vacuo.
To remove the copper contaminants from the
nanocomposite, the product was washed thor-
oughly with aqueous solution of disodiumsalt-eth-
ylenediamine tetraacetic acid (EDTA) to remove
the catalysts,47 then with water and dried in vac-
uum at 40 �C.

Synthesis of Polystyrene-b-Polytetrahydrofuran/
Clay Nanocomposite via CROP

The block copolymer/MMT nanocomposite was
prepared by the CROP of THF with PSt/MMT in
combination with silver hexafluorophosphate as
the initiator. A typical procedure was as follows:
precursor PSt/MMT-1 (400 mg, 0.03 mmol), silver
hexafluorophosphate (�26 mg, 0.1 mmol), and
THF (10 mL, 122 mmol) were added to three-
necked, round-bottomed flask under a nitrogen
atmosphere in an ice bath. The reaction was
brought to 20 �C and stirred for 16 or 24 h. After
a given time, the polymerization was stopped by

the addition of a small amount of methanol. The
polymer was then precipitated in cold pentane
(�20 �C), filtered off on a cold glass filter, and
finally dried in vacuo.

Characterization

Gel permeation chromatography (GPC) measure-
ments were obtained from a Viscotek GPCmax
Autosampler system consisting of a pump, three
ViscoGEL GPC columns (G2000HHR, G3000HHR

and G4000HHR), a Viscotek UV detector, and Vis-
cotek a differential refractive index (RI) detector
with a THF flow rate of 1.0 mL min-1 at 30 �C.
Both detectors were calibrated with PS standards
having narrow molecular weight distribution.
Data were analyzed using Viscotek OmniSEC
Omni-01 software. 1H NMR spectra in CDCl3
with Si(CH3)4 as an internal standard were
recorded at room temperature at 250 MHz using
a Bruker DPX 250 spectrometer. For GPC and 1H
NMR measurements, the polymers were cleaved
from clay through the refluxing, for about 24 h, of
the nanocomposite in THF of LiBr (ca. 5 wt %),
followed by centrifugation and filtration through
a 0.2 lm filter. Thermal gravimetric analysis
(TGA) was performed on Perkin-Elmer Diamond
TA/TGA with a heating rate of 10 �C min under
nitrogen flow. X-ray diffraction (XRD) patterns
were obtained with a Siemens D5000 y/y diffrac-
tometer equipped with an intrinsic germanium
detector system with Cu Ka radiation (k: 1.54 Å).
TEM micrographs analyses were performed with
a G2 Spirit BioTwin (FEI Company Tecnai) trans-
mission electron microscope by using an accelerat-
ing voltage of 120 kV and 11 Mega pixels Morada
Camera. The samples have been dispersed in
chloroform and then, some drops were deposed on
a carbon supporting grid. After solvent evapora-
tion, the TEM micrograph analyses were per-
formed.

Scheme 1. Synthesis of 6-[(2-bromo-2-methylpropanoyl)oxy]hexan-1-ammonium
chloride.
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RESULTS AND DISCUSSION

Our synthetic strategy is based on designing a
molecule possessing both intercalation and initia-
tor functionalities to be used for ATRP. It was syn-
thesized in a two-step procedure according to
Zhao et al.18 It seemed appropriate to quaternize
6-amino-1-hexanol simply by reacting with HCl to
obtain 6-hydroxy hexan-1-ammonium chloride. In
the second step, the esterification of quaternized
salt with 2-bromo-isobutyryl bromide was per-

formed (Scheme 1). The structure of the resulting
quaternized salt, 6-[(2-bromo-2-methylpropanoyl)
oxy] hexan-1-ammonium chloride was confirmed
by spectral analysis (see Experimental Section).

TGA of the original MMT was found to have
4 wt % volatile materials, with most of the organ-
ics decomposing around 200–300 �C. On intercala-
tion with quaternized initiator, the organomodi-
fied MMT (O-MMT) clay was analyzed and found
to have 21 wt % volatile materials present, and so
�17 wt % of O-MMTwas the quaternized initiator.
XRD analysis (Table 1) shows that the intercala-
tion of quaternized was successful. The d001 spac-
ing of layers was increased by �0.65 nm, from 1.62
nm in the virgin MMT to 2.27 nm in O-MMT.

ATRP of styrene initiated by O-MMT (Scheme 2)
was carried out under various conditions typi-
cal for such polymerizations. The molecular
weight results and reactions conditions are sum-
marized in Table 2. These show that living radi-
cal polymerization through ATRP was successful,
with the molecular weight distributions being

Scheme 2. Schematic representation of synthesis of PSt-b-PTHF/clay nanocom-
posites by combination of ATRP and CROP process. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.].

Table 1. XRD Data for Clays and Nanocomposites

Clays and Nanocomposites d001 of Clay (nm)

NaMMT 1.62
O-MMT 2.27
PSt/MMT-1a No reflection
PSt-b-PTHF/MMT-1b 0.46 and 0.38

aNanocomposite containing 14% clay content.
bNanocomposite containing 0.8% clay content.
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relatively narrow polydispersity ((Mw/Mn)
\ 1.51), under a variety of experimental condi-
tions. It should also be pointed out that the
homopolymer nanocomposite, namely PSt/MMT-
1, displays an exfoliated structure as confirmed
by the absence of any d001 reflection in the XRD
region (see Table 1).

The PSt/MMT nanocomposites obtained by
ATRP have been analyzed by TEM (Fig. 1). Thin
clay nanoplatelets proved randomly distributed in
the PSt matrix, as shown by finely dispersed
nanolayers as observed from their edge side
[Fig. 1(A)]. However, as far as the composites pre-

pared by in situ polymerization are concerned,
although the absence of aggregates confirms the
high degree of exfoliation of the layered silicates,
some small intercalated stacks with a thickness of
a few tenths of nanometers remain from time to
time as observed on Figure 1(B). This may be due
to the incomplete activation of initiator and
although at limited rate, some transfer reactions
occurred during the in situ polymerization.18

The block copolymer/clay nanocomposites were
prepared by the CROP of THF with PSt/MMT in
combination with silver hexafluorophosphate as
the initiator. It is known that PSt obtained by

Table 2. Synthesis of Polystyrene/Montmorillonite Nanocomposites by In Situ ATRP at 110 �C

Code Molar Ratioa Time (h) Yield (%)b Mn
c Mw/Mn

c

PSt/MMT-1d 1/100/1/1 3 17 11,600 1.37
PSt/MMT-2d 1/100/1/1 5 28 22,000 1.27
PSt/MMT-3e 1/100/1/1 3 57 36,000 1.51
PSt/MMT-4d 1/200/1/1 3 11 12,000 1.39
PSt/MMT-5d 1/200/1/1 5 21 39,000 1.36

a [Initiator]/[St]/[CuBr]/[Ligand].
bDetermined by gravimetric analysis.
cDetermined by GPC.
d In toluene.
e In bulk.

Figure 1. TEM micrographs of PSt/MMT nanocomposites; exfoliated (A) and inter-
calated (B) structures.
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ATRP contains terminal halide groups, which can
be converted to the initiating carbocations when
reacted with silver salts containing non-nucleo-
philic counter anions. Such counter anions ensues
successful chain growth by stabilizing propagat-
ing cation. The polymerization conditions and
results are listed in Table 3. As we can see from
Table 3, after transformation reaction, the elution
peaks of block copolymers were shifted to the high
molecular weights and molecular weight distribu-
tions were broadened slightly (Fig. 2). These
results clearly indicate that PSt/MMT nanocom-
posites that have exfoliated and intercalated
structures were successfully used as initiators in

conjunction with the silver salt in a manner simi-
lar to that described for the bare PSt.43 This pro-
cess results in the formation of block copolymers
within the silicate layers.

The structure of the block copolymer was ana-
lyzed by 1H NMR spectroscopy. A typical spec-
trum is shown in Figure 3(B). The new peak cen-
tered at 3.72 ppm was assigned to the protons of
the methylene groups connected to oxygen from
the PTHF segment. The disappearance of the
peak corresponding to the proton located at the
a-position of the chain end at 4.4 ppm [Fig. 3(A)]
is additional evidence for the successful block
copolymerization.

Figure 4 shows XRD spectra of clay, ATRP ini-
tiator modified clay and PSt/clay and PSt-b-
PTHF/clay nanocomposites. For the PSt/clay
nanocomposite, the d001 diffraction peak on

XRD spectra disappeared, which implies that
the layered structure in the clay particles is
largely destroyed by in situ ATRP process. PTHF
is a crystalline polymer with a planar zigzag con-
formation.48 The crystal structure of PTHF was
studied in detail by XRD analysis,48,49 and it was
shown that the polymer has two diffraction
peaks. In our case, after block copolymerization,
these characteristic peaks emerged at 0.46 and
0.38 nm.

In Figure 5, TGA thermograms of PSt/MMT
and PSt-b-PTHF/MMT nanocomposites, prepared
by in situ ATRP and mechanistic transformation
from ATRP to CROP, respectively, are shown. For
comparison, thermograms of the precursor com-
pounds were also compiled in the figure. From the
TGA data, it is clear that the degradation temper-
ature of the PSt/MMT nanocomposites containing
silicate layers shifted toward a higher tem-
perature than those of neat polymers. The

Table 3. Synthesis of Polystyrene-b-Polytetrahydrofuran/Montmorillonite Nanocomposites by CROP at 0 �C

Code Molar Ratioa
Time
(h)

Yield
(%)b Mn

c Mw/Mn
c

Compositiond

St THF

PSt-b-PTHF/MMT-1e 0.03/0.1/122 16 14 13,900 1.41 83 17
PSt-b-PTHF/MMT-2e 0.06/0.2/122 16 17 16,800 1.40 69 31
PSt-b-PTHF/MMT-3f 0.03/0.1/122 24 22 17,100 1.58 70 30
PSt-b-PTHF/MMT-4f 0.06/0.2/122 24 26 19,000 1.64 63 37

a [PSt/MMT]/[AgPF6]/[THF].
bDetermined by gravimetric analysis.
cDetermined by GPC.
dCalculated from 1H NMR spectroscopy.
e Precursor polymer: PSt/MMT-1.
f Precursor polymer: PSt/MMT-4.

Figure 2. GPC curves of homo and block copolymer
after separated with LiBr.
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thermogram of the PSt-b-PTHF/MMT nanocom-
posite has two decomposition stages. The first one
was in 230–320 �C range and the weight loss is
about 25% corresponding to PTHF chains. Second
one was in 320–440 �C range and the weight loss
is about 65% corresponding to PSt chains. These
values are in close agreement with the composi-
tion of the block copolymer. All nanocomposites
exhibit enhanced thermal stabilities compared to
the virgin polymer. The improved decomposition

temperature of PTHF compare to PSt segment
may be related to some physical interaction of
polyether with the Si-O-Si layer. Similar behavior
was observed for PTHF/clay nanocomposites pre-
pared by click chemistry and CROP.29

In conclusion, PSt-b-PTHF block copolymer sil-
icate nanocomposites were synthesized by combi-
nation of ATRP and CROP process in controlled
manner and mixtures of exfoliated and interca-
lated structures were observed. Furthermore, this

Figure 3. 1H NMR spectra of PSt (A) and PSt-b-PTHF copolymer (B) after sepa-
rated with LiBr.

Figure 4. X-ray diffraction curves of clays and
nanocomposites.

Figure 5. Weight loss for nanocomposites and corre-
sponding compounds; pure PSt, pure PTHF, PSt/
MMT-1, and PSt-b-PTHF/MMT-1 (see Table 1 for
details).
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study is the first example of the application of
mechanistic transformation for the block copoly-
mer silicate nanocomposites. This type of block co-
polymer contains soft (PTHF) and hard (PSt) seg-
ments and has potential applications as thermo-
plastic and adhesive materials.

The authors thank Istanbul Technical University,
Research Fund for the financial support.
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