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ABSTRACT: Functional copolymer/organo-silicate [N,N0-
dimethyldodecyl ammonium cation surface modified mont-
morillonite (MMT)] layered nanocomposites have been
synthesized by interlamellar complex-radical copolymeriza-
tion of preintercalated maleic anhydride (MA)/ organo-
MMT complex as a ‘nano-reactor’ with n-butyl methacry-
late (BMA) as an internal plasticization comonomer in the
presence of radical initiator. Synthesized copolymers and
their nanocomposites were investigated by dynamic
mechanic analysis, X-ray diffraction, SEM, and TEM meth-
ods. It was found that nanocomposite dynamic mechanical

properties strongly depend on the force of interfacial
MA. . .organo-MMT complex formation and the amount of
flexible n-butyl ester linkages. An increase in both of these
parameters leads to enhanced intercalation and exfoliation
in situ processes of copolymer chains and the formation of
hybrid nanocomposites. VC 2010 Wiley Periodicals, Inc. J Appl
Polym Sci 118: 2904–2913, 2010

Key words: synthesis; modified organoclay; nanocom-
posites; structure-property relations

INTRODUCTION

In the last decade, the alternating, random and graft
copolymers of maleic anhydride (MA) and its iso-
structural analogues were widely utilized for the
preparation of polymer/organo-silicate (or silica)
hybrid materials through melt compounding by reac-
tive extrusion and sol–gel methods. However, inter-
lamellar copolymerization of MA and its preinterca-
lated complexes with organo-clays, and MA
copolymer/organoclay composition–nanostructure–
property relationships have not been investigated.
Synthesis and characterization of some selective
functional copolymer/organo-silicate or silica hybrid
nanocomposites were a subject of our previous pub-
lications.1–5 Although the most promising reaction to
great polymer/clay nanocomposites is the polymer-
ization of functional monomers, such as styrene,6–8

N-vinylcarbazole,9 4-vinylpyridine,10 methyl meth-
acrylate,11–15 acrylonitrile,16 and N-n-butylmaleimide,17

the intercalative radical copolymerization of binary
or ternary monomer systems in the presence of min-
eral clay has been scarcely investigated. Examples
are bulk copolymerization of styrene–methyl meth-

acrylate,18–20 emulsion copolymerization of styrene–
acrylonitrile,21 styrene–N-phenylmaleimide (PhMI),22

and styrene–butyl methacrylate23 monomer pairs. It
was observed that the polymerization rate acceler-
ated by the addition of clay in reaction medium; this
addition also significantly influenced the structure
and properties of the prepared polymer nanocompo-
sites.8–24 Liu et al.14,25,26 investigated the bulk, solu-
tion and emulsion copolymerization of styrene with
methyl methacrylate and PhMI (at 1 : 9 molar PhMI/
styrene feed ratio) in the presence of organo(cetyltri-
methyl ammonium bromide)-modified montmoril-
lonite (MMT) clay or Naþ-MMT to prepare nano-
composites with good dispersability of clay. Wang
et al.27,28 showed that a comparison of solution,
emulsion, suspension, and bulk polymerization
along nanocomposites may also be prepared by melt
in situ reactive blending of monomer/polymer/clay
mixtures. In recently published review article of
Tjong,29 current development on the processing,
structure, and mechanical properties of polymer
nanocomposites reinforced with respective layered
silicates, ceramic nanoparticles, and carbon nano-
tubes were described. Author paid particular atten-
tion to the structure–property relationship of such
novel high performance polymer nanocomposites.
Nguen and Baird30 reported the different methods
and types of polymers used for preparation of poly-
mer nanocomposites, the structure and properties of
layered silicates, and the most common techniques
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used for characterization of nanocomposites. Heinz
et al.31 investigated the structure and dynamics of
alkyl ammonium-modified MMT clays with different
cation exchange capacity (CEC), ammonium head
groups, and chain length by computational molecu-
lar dynamics simulation for a large set of structures
and compared to a wide array of experimental data
(X-ray, IR, NMR, and DSC). They found that the
relationship between computational and experimen-
tal data is very complementary in the 44 various
organo-MMT systems. According to the authors, the
size of the computational data set surpasses prior to
experimental work in the area and will provide
guidance in the choice of alkyl modifiers for interac-
tions with solvents, polymers, and other nanoscale
building blocks.

In this work, the synthesis and dynamic mechanic
behavior of silicate layered nanocomposites such as
poly(maleic anhydride-co-n-butylmethacrylate)s/N,
N0-dimethyl dodecylamine modified MMT [poly
(MA-co-BMA)/DMDA-MMT] have been described.
Nanocomposites were prepared by the complex-radi-
cal interlamellar copolymerizations of preintercalated
MA...organo-MMT monomer complex with different
amounts of BMA comonomer in methyl ethyl ketone
(MEK) at 65�C under nitrogen atmosphere. The
obtained thermal behavior, especially glass transition
temperature (Tg), and dynamic mechanical parame-
ters of the virgin copolymers and their nanocompo-
sites have been discussed as a function of the effec-
tive intercalation/exfoliation of the copolymer chains
and formation of nanostructure. General scheme for
the synthesis of poly(MA-co-BMA)s/DMDA-MMT
nanostructures via complex formation and interlam-
ellar copolymerization can be represented as follows
(Scheme 1).

EXPERIMENTAL

Materials

BMA monomer (Aldrich-Sigma, Germany) was puri-
fied before use by distillation under moderate vac-
uum. MA monomer (Fluka, Switzerland) was puri-
fied by recrystallization from anhydrous benzene
solution through sublimation in vacuum. The a,a0-
azoisobutyronitrile (AIBN) (Fluka) was recrystallized
twice from methanol solution. DMDA-MMT orgno-
clay was obtained from Bensan (Enez, Turkey). Full
characteristic parameters of this organoclay were
presented in our recently published works.1,2 All
other solvents and reagents were of analytical grade
and used without purification.

Synthesis of MA...DMDA-MMT complex

MA monomer was dispersed in methyl ethyl ketone
(MEK)/DMDA-MMT mixture at monomer/N,N0-

dimethyldodecyl ammonium molar ratio of 1 : 2 by
intensive mixing at 50�C for 3 h to prepare the inter-
calated complex of MA with DMDA-MMT. Then the
prepared mixture was treated by a lage amount of
methanol at 20�C by intesive mixing up to full pre-
cipitation of powder product, which is isolated by
filtration, and drying under vacuum.

Synthesis of poly(MA-co-BMA)s

Synthesis of poly(MA-co-BMA)s containing different
amounts of flexible BMA units was carried out by
copolymerization of MA and BMA using various
molar monomer ratios of MA : BMA ¼ 1 : 1 (1 : 2
and 1 : 3) in MEK with AIBN as an initiator at 65�C
under nitrogen atmsphere. Reaction conditions:
[M]total ¼ 2.7 mol L�1, [AIBN] ¼ 2.03 � 10�2 mol
L�1, [MEK]/[M] ¼ 3, molar monomer ratios of MA/
BMA ¼ 1.0, 0.33, and 0.2, reaction time 24 h, and
conversion around 65–78 wt %. Copolymerizations
were carried out in a carousel type Pyrex-glass
microreactor with a thermostated heater and mag-
netic mixer. The copolymers were isolated from
reaction mixture by precipitating with diethyl ether,
then washed with several portions of benzene and
dried at 50�C under vacuum.

Scheme 1 Interlamellar complex-radical copolymerization
of monomer complex of MA...DMDA-MMT clay with n-
butyl methacrylate (BMA): (I) structure of preintercalated
monomercomplex and (II) poly(MA-co-BMA)/O-MMT
nanocomposite.
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Interlamellar copolymerization procedure

An appropriate amount of BMA monomer and AIBN
was added to reaction mixture containing given
amounts of MA...Organo-MMT complex dispersed in
MEK and heated with intensive mixing at 65�C
under nitrogen atmosphere for 24 h. Prepared hybrid
composition was isolated by precipitation with meth-
anol, then washed with several portions of diethyl
ether and benzene, and dried under vacuum at 60�C.

Characterization

Dynamic mechanic analysis of synthesized copoly-
mers and their nanocomposites was performed with
Dynamic Mechanic Analyzer (TA Instruments,
Q800). Powdered mixtures of polymer and Al2O3

(50 : 50 wt %) were loaded into the DMA using
powder-holder. The holder was clamped directly
into the DMA dual cantilever. The temperature de-
pendence of polymers was measured at a constant
frquency of 1 Hz and a heat rate of 3�C/min.

Acid number (AN, mgKON/g) of poly(MA-co-
BMA)s containing anhydride groups was deter-
mined by standard titration method. The copolymer
compositions were calculated using chemical analy-
sis data (acid number for MA units, Table I) and the
following equation:

m1ðmol %Þ ¼ W2=½2MðKOHÞ=AN� ðW1 �W2Þ� � 10�2;

(1)

where W1 and W2 are molecular weights of m1 and
m2 (m1 þ m2 ¼ 1) monomer units, AN is acid num-
ber (in g KOH/g) and M(KOH) is molecular weight
of KOH.

Intrinsic viscosities of poly(MA-co-BMA)s with dif-
ferent compositions were determined in MEK at
25 6 0.1�C within the concentration range of 0.01–
1.5 g dL�1 using an Ubbelohde viscometer.

The X-ray powder diffraction (XRD) patterns were
obtained from a Rigaku D-Max 2200 powder diffrac-
tometer. The XRD difractograms were measured at
2y, in the range 1�–50�, using a CuKa incident beam
(k ¼ 1.5406 Å), monochromated by a Ni-filter. The
Bragg equation was used to calculate the interlayer
spacing (d): nk ¼ 2dsiny, where n is the order of
reflection, and y is the angle of reflection. Crystallin-

ity of the nanocomposites (vc) was calculated using
the following eq. (2):

vcð%Þ ¼ Wc=ðWc þWaÞ � 10�2; (2)

where Wc and Wa are the areas of the crystalline and
amorphous portions in the X-ray diffractogram,
respectively.
Intercalation/exfoliation degree (ED) was calcu-

lated according to the eq. (3):

EDð%Þ ¼ Ie=ðIe þ IoÞ � 10�2; (3)

where Ie (or Ic) and Io are the intensity of the diffrac-
tion peaks associated with the exfoliated (or interca-
lated) and nonexfoliated structures at corresponding
2y values.
The surface morphology of nanocomposites was

examined using a scanning electron microscope
(JSM-6400 JOEL SEM with scale: 1 and 10 lm, � 104

and an accelaration voltage 20 kV). All specimens
were freeze-dried and coated with a thin layer of
gold before testing. Transmission electron micros-
copy (TEM) images were obtained on a JEOL JEM-
2100F transmission electron microscope with an
acceleration voltage of 200 kV and emission current
146 mA. This method allowed to perform a higher
resolution image due to the decrease in wavelength.
An electron gun emits an electron beam which
moves through a condenser aperture and then bom-
bards the specimen. The TEM specimens were cut at
room temperature using an ultra microtome. Thin
specimens, 50–80 nm, were collected in a trough
filled with water and placed on 200 mesh copper
grids.

RESULTS AND DISCUSSION

Composition and properties of copolymers

The composition and some properties of synthesized
copolymers containing various amounts of BMA
units are summarized in Table I. These copolymers
were synthesized using different monomer feed
molar ratios ([MA] : [BMA] ¼ (1 : 1, 1 : 2, and 1 : 3).
As seen from Table I, increase in content of the
BMA units in copolymers provides a visible
decrease in Tg values and increase in intrinsic

TABLE I
Composition and Some Properties of Poly(MA-co-BMA)s

Copolymers
AN

(mgKOH/g)
Content of BMA
unit (mol %)

Tg (
�C)

(by DMA)
[g]in (dL g�1) in

MEK at 25 6 0.1�C

Poly(MA-co-BMA)-1 389.0 57.2 60.1 0.23
Poly(MA-co-BMA)-2 122.1 85.2 60.3 0.27
Poly(MA-co-BMA)-3 66.4 91.8 57.7 0.29

2906 RZAYEV ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



viscosity, and therefore increase of average viscosity
molecular weights (Mv) of the copolymers.

X-ray diffraction parameters

Physical structure of synthesized preintercalated
MA. . .O-MMT monomer complex and poly(MA-co-
BMA)s/O-MMT nanocomposites were investigated

by XRD analysis method. Obtained results of XRD
analysis of complex, pristine O-MMT, and nanocom-
posites were illustrated in Figure 1 and summarized
in Table II. As seen from these data, d(001) and d(002)
values for crystallographic planes depending on the
interlamellar complex formation and exfoliation of
copolymer chains into the silicate lamellae. Better
intercalation is evidenced by the shift of 2y values to
the lower region (from 3.62� for pristine organoclay
to 2.54� for MA. . .DMDA monomer complex) and
increasing d(001)-spacing parameters from 24.38 to
34.77 Å, respectively. Taking into consideration that
the surface area of organoclay is modified by
DMDA at approximately 30%, intercalation degree
(ID) of a complexed MA monomer can be estimated
to be approximately 95.0% for d(001) and � 100 % for
d(002), respectively.
The results of XRD analysis of nanocomposites

(Table II) show the following changes in XRD spec-
tra: (1) disappearance of peaks at 2y 5.20� (d ¼ 16.98
Å) and 8.94� (d ¼ 9.88 Å) and exfoliation of the sili-
cate lamellae in XRD spectra of nanocomposites
relating to 1 : 2 layered structure in pristine DMDA-
MMT clay, (2) essential shift of characteristic peaks
at 2y from 3.62� to lower region of 2.04� which is
accompanied with an increase of d(001) value from
24.38 Å for pristine organoclay to around 32.81–
36.05 Å for nanocomposite. Increase of flexible butyl
ester side-chain linkages provides relatively easy
exfoliation process of copolymer chains unlike
decreasing MA complexed organoclay in the feed
copolymerizing mixtures, and (3) the formation of
semicrystalline structure in nanocomposites unlike
full amorphous structure of virgin copolymers (Fig.
1). These observed facts allowed us to propose that
the interlamellar copolymerization of MA. . .O-MMT
with BMA comonomer was predominantly carried
out through exfoliation of copolymer chains due to
effects of interfacial interaction and internal plastici-
zation of branched n-butyl ester linkages. The crys-
tallinity (vc) visibly increases with increasing content

Figure 1 XRD spectra of A: poly(MA-co-BMA)s contain-
ing (a) 57.2, (b) 85.2, and (c) 91.8 mol % of BMA unit; B:
poly(MA-co-BMA)s/O-MMT nanocomposites with (a) 54.4,
(b) 80.9, and (c) 88.2 mol % of BMA unit.

TABLE II
XRD Parameters of Preintercalated [MA. . .O-MMT] Complex, Copolymers/O-MMT Nanocomposites,

and Pristine O-MMT

Monomer complex and its nanocomposites 2y (�) d-spacing (Å) Intensity (counts) ID/ED (%) vc (%)

[MA. . .O-MMT] complex 2.54 34.77 2395 57.02 56.2
4.72 18.71 1081 58.85

Poly(MA-co-BMA)(1 : 1)/O-MMT 2.38 37.11 1511 45.57 30.4
– – 0 100

Poly(MA-co-BMA)(1 : 2)/O-MMT 2.52 35.06 1006 35.78 35.3
– – 0 100

Poly(MA-co-BMA)(1 : 3)/O-MMT 2.45 36.05 955 34.60 36.5
– – 0 100

Pristine O-MMT 3.62 24.38 1805 25–30a 58.1
5.20 16.98 736 30–35a

a These values were calculated from comparative analysis of nonmodified MMT and O-MMT using eq. (3).
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of the flexible BMA linkages in nanocomposites, in
spite of the decreasing content of the complex-form-
ing MA units. This phenomenon may be explained
by the effect of side-chain n-butyl ester on the local
chain folding and crystallization process in the co-
polymer matrix.

Dynamic mechanical behavior

Dynamic Mechanical Analysis (DMA) method
allows to determine the loss tan d, the storage modu-
lus (G0) and the loss modulus (G00) as a function of
temperature. The loss tan d is equal to the ratio of
G00/G0, which exhibits the higher response to the
chemical and physical structural changes and phase
transitions of polymer system; the storage modulus
G0 is associated with the elastic modulus of the poly-
mer or its composite; the loss modulus G00 is related
to the energy loss (damping factor) as a result of the
friction of polymer chain movement. It is known
that the decrease of G0 is less dependent on the tem-
perature changes and this process as a function of
temperature very slowly proceeds in polymer sys-
tem due to increased polymer chain mobility and
flexibility.32 Generally, this process continues until
the glass transition region is approached, and then
G0 decreases rapidly. In this isothermal condition,
both the loss modulus G00 and loss tan d increase
and go via a maximum. The glass transition temper-
ature (Tg) is determined as the temperature at which
a maximum of loss tan d is observed. This is a well
known and much more an exact method for deter-
mining Tg values of polymers and their compo-
sites.33 The glass transition of polymer materials can
be broadened or shifted through various chemical
and physical means.34 Masenelli-Varlot et al.35 pro-
posed an interpretation of the DMA spectra, accord-
ing to the intensity of the interfacial adhesion
strength which directly influences the intensity of
the reinforcement above Tg. This principle can also
be used to characterize the microstructure of func-
tional copolymer/organo-MMT nanocomposites in
terms of interfacial adhesion strength. The results of
the comparative DMA analysis of pure poly(MA-co-
BMA)(1 : 1) and poly(MA-co-BMA)(1 : 1)/Organo-
MMT nanocomposites, and DMA parameters as
functions of temperature and content of flexible
BMA unit are illustrated in Figure 2.

The obtained results indicate the following
changes in DMA curves when copolymer is exfoli-
ated between organo-silicate layers by interlamellar
complex-radical copolymerization of preintercalated
MA. . .Organo-MMT complex with BMA comono-
mer: (1) increase of the elastic modulus (from)
deleted by more than 16.0 %, i.e., increase of the
relaxation temperature from 58.3 up to 67.9�C, (2)
increase of the glass transition behavior from 60.1 to

74.2�C, (3) unlike pure copolymer, which has two
peaks for the flexible BMA segments at 59.3�C and
rigid MA units at 80.9�C, respectively, copolymer
nanocomposites [Fig. 2(a)] exhibit single broad peak
with higher intensity at 67.9�C; the significant
increase in intensity of this peak indicates that relax-
ations of the flexible BMA segments decreased due
to the increase of interfacial adhesion strength, i.e.,
the highest interaction between anhydride units and
organo-MMT [Fig. 2(b)]. Dynamic force (DF) and
complex modulus (CM) as functions of temperature

Figure 2 DMA curves of poly(MA-co-BMA)-1and its
nanocomposite: a plots of ( – ) SM (G0), (- -) LM (G’’), and
(- . -) Tan d G00/G0 vs. temperature for the (a) copolymer
and (b) copolymer/O-MMT; (c) plots of CM and DF vs.
temperature for the (---) copolymer and ( – ) copolymer/
O-MMT.
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and content of flexible BMA unit were illustrated in
Figure 2(c). Observed significant difference (D)
between these parameters [D ¼ DF (nanocompo-
site)–DF(copolymer)] or [D ¼ CM(nanocomposite)–
CM (copolymer)] above Tg, relating to copolymer
and its nanocomposite, can be described (as a func-
tion for) due to the formation of nano-structural
architecture in poly(MA-co-BMA)/organo-MMT sys-
tem. It can be proposed that D value is also charac-

terized by interfacial adhesion strength depending
on the flexibility and hydrophobic/hydrophilic
balance of the functional polymer chains and their
ability to form interfacial complexes. The maximum
values of D were observed around 85–95�C corre-
sponding to the lower values of DF and CM para-
meters. It was observed that the character of the

Figure 3 DMA curves of poly(MA-co-BMA)-2 and its
nanocomposite. Legends as in Figure 2.

Figure 4 DMA curves of poly(MA-co-BMA)-3 and its
nanocomposite. Legends as in Figure 2.
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curves, and therefore, the DMA parameters strongly
depend on the amount of flexible n-butyl ester link-
ages in copolymer (Figs. 3 and 4). The obtained
DMA parameters were summarized in Table III.

Increase of the BMA unit from 57.2 to 91.6 mol %
provides the following changes of DMA curves (Fig.
3): (1) relatively narrow peaks relating to Tg transi-
tion (60.2 and 60.3�C for pure copolymer) of the
plots of loss modulus (LM) and tan d vs. tempera-
ture transferred to the broad form (Tg ¼ 58.4 and
62.8�C), and intensities of second peaks on the
curves at 75.2�C significantly increased, (2) new in-
tensive peak at 86.3�C (is) deleted appeared on the
tan d!temperature curve [Fig. 3(a)], (3) the plots of
dynamic force (DF) and complex modulus (CM) vs.
temperature [Fig. 3(c)] indicated relatively higher
values of D before Tg transition, and may be
described as degree of exfoliation of copolymer
chains. Similar changes are observed in DMA curves
for the copolymer containing 91.8 mol % of BMA
units (Fig. 4).

However, intensity of the second narrow peaks
essentially decreases. These broad peaks also shift
to the relatively lower temperature region (70.1�C)
[Fig. 4(a)]. These observed unusual changes may
be explained by decreasing in force of interfacial
interaction due to the reduction of complexed an-
hydride units in copolymers. Plots of dynamic
force (DF) and complex modulus (CM) vs. temper-
ature were illustrated in Figure 4(c). As seen from
the character of curves, D value significantly
increases with increasing content of BMA unit
which provides better exfoliation effect in the stud-
ied system.
Changes of storage modulus or complex viscosity

as a function of flexible BMA unit contents at differ-
ent temperatures were also investigated. The
obtained results are summarized in Table IV. As
seen from the DMA analysis data, change in the
amount of flexible BMA units in the copolymers and
nanocomposites visibly decreased the values of stor-
age modulus and complex viscosity at temperature

TABLE III
DMA Parameters as Functions of BMA Content in Copolymers and Nanocomposites

Copolymers and nanocomposites
BMA

(mol %)a

DMA parametersb: Ta relaxation (�C)

T (G0 onset) T (G00 onset) tan d (G00/G0) T (DV) T (FM)
D (N)

(DFc–DFn)

Poly(MA-co-BMA)-1 57.2 56.8 58.3 60.1 59.3 58.3 –
80.7

Poly(MA-co-BMA)-1/O-MMT 54.4 62.5 67.9 74.2 67.7 62.8 2.31
98.2

Poly(MA-co-BMA)-2 85.2 55.3 60.2 60.3 60.2 59.9 –
Poly(MA-co-BMA)-2/O-MMT 80.9 57.0 58.4 62.8 58.6 59.5 1.57

75.2
Poly(MA-co-BMA)-3 91.8 53.2 56.4 57.7 56.2 57.2 –

79.2 86.3 79.2 87.5
Poly(MA-co-BMA)-3/O-MMT 88.2 53.9 57.3 58.2 57.3 57.3 1.83

70.1 70.1 70.2

a Copolymer compositions (amount of BMA units) were determined by alkali titration of anhydride units and calculated
using eq. (1). Amount of O-MMT is constant (5 wt %).

b G0, storage modulus; G00, loss modulus; DV is dynamic viscosity; FM is flexural modulus and D ¼ DFc – DFn (DFc and
DFn are dynamic force of copolymer and nanocomposite, respectively).

TABLE IV
Storage Modulus (SM) and Complex Viscosity (CV) as Functions of Copolymer and Nanocomposite

Compositons and Temperature

Copolymers with different contents of
flexible BMA units (mol %)a

SM (MPa) � 105 at (�C) CV (MPa s) � 105 at (�C)

45 70 100 45 70 100

Poly(MA-co-BMA)-1 11.30 4.51 1.24 0.62 0.25 0.07
Poly(MA-co-BMA)-1/O-MMT 11.42 6.13 2.69 0.63 0.34 0.15
Poly(MA-co-BMA)-2 10.90 3.39 0.14 0.60 0.19 0.07
Poly(MA-co-BMA)-2/O-MMT 10.07 2.70 0.63 0.56 0.15 0.04
Poly(MA-co-BMA)-3 7.92 2.28 0.21 0.44 0.13 0.01
Poly(MA-co-BMA)-3/O-MMT 9.65 3.17 0.79 0.53 0.17 0.04

a Content of BMA units as in Table III.
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interval changing from 45 to 100�C. These observed
changes were exhibited at relatively higher values of
storage modulus for the nanocomposites due to their
rigid structures when compared with virgin copoly-
mers. Similar effect of BMA content and temperature
was observed for the other DMA parameters of the
copolymers and copolymers/O-MMT nanocompo-
sites (Figs. 2–4). These observations indicate that a
degree of physical structural change depends on the
content of flexible n-butyl ester linkages and temper-
ature. An increase in the number of BMA units in

the preintercalated MA. . .O-MMT complex mono-
mer/comonomer feed, which leads to the internal
plasticization effect in copolymer/O-MMT nanocom-
posites, essentially facilitates the exfoliation process
of the copolymer chains forming through interlamel-
lar copolymerization. On the other hand, the better
compatibility of the preintercalated complex with
BMA monomer and O-MMT clay tends to favor the
disentanglement of bundles and provides the rela-
tively fine dispersion of copolymer/O-MMT hybrid
system.

Figure 5 SEM patterns (scale: 1 and 10 lm, x1000 magnification): (a) poly(MA-co-BMA)-1, (b) poly(MA-co-BMA)-1/
O-MMT, (c) poly(MA-co-BMA)-2, (d) poly(MA-co-BMA)-2/O-MMT, (e) poly(MA-co-BMA)-3, and (f) poly(MA-co-BMA)-3/
DMDA-MMT.
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Morphology of nanocomposites

Figure 5 shows the SEM image of the poly(MA-co-
BMA)s containing different amounts of BMA units
and their nanocomposites prepared by interlamellar
copolymerization. SEM images of these hybrid com-
posites inferred that the size of the particles signifi-
cantly depends on the content of flexible BMA link-
ages and in situ complex formation. An increase of
BMA content in copolymers provides the facile exfo-
liation of polymer chains into DMDA-MMT galleries
and formation of relatively high dispersed particles.
In the case of copolymer nanocomposite [Fig. 5(e)],
containing at most BMA segments and therefore,
least amount of preintercalated MA. . .O-MMT com-
plexes, the formation of well dispersed particles was
observed due to the easily exfoliated BMA chain
blocks between silicate galleries.

We have observed that the compatibility of the
chosen BMA monomer and a long alkyl group of
intercalated DMDA-clay, the MA monomer, and an
alkyl ammonium cation (through complex formation)
plays an important role in situ intercalation/exfoliation
of copolymer chains between silicate layers. The
observed reduction of Tg value as a function of the
BMA linkage content can be explained by the internal
plasticizing effect of flexible butyl ester branches. Simi-
lar effect was observed by Qi et al.36 in the free-radical
in situ intercalative bulk polymerization of styrene in
the presence of organophilic (benzyldimethyloctadecy-
lammonium cation) MMT. They demonstrated that the
structural affinity between the styrene monomer and
the benzyl group of intercalated surfactant-MMT is an
important factor for the preparation of polystyrene/
clay nanocomposites with higher molecular weights

and a higher thermal stability. According to the
authors, the TEM analysis of nanocomposites morphol-
ogy indicated the formation of the mixture exfoliated
(predominantly) and partially intercalated structure. It
can be proposed that this is an important factor to
explain the observed higher thermal stability of the PS-
clay nanocomposites. The results obtained by several
researchers from the comparative TEM and thermal
analysis of polymer/clay hybrids, such as polypropyl-
ene/polystyrene,37 poly(styrene-co-acrylonitrile),38 and
poly(etherimide)39 silicate layered nanocomposites,
indicated that the completely exfoliated structure
exhibits relatively lower thermal stability than nanosys-
tem with a mixture intercalated/exfoliated structure.
To further confirm the dispersion of organoclay in

the matrix copolymer, TEM investigation is also
required. According to Monticelli et al.,40 TEM anal-
ysis method turns out to be less challenging when
exfoliated nanocomposites are studied with respect
to the characterization of intercalated nanostructure
systems, where clay structure undergoes a modifica-
tion and decomposition under electron beams,
which is evidenced by the disappearance of some
layers and the toning down of others. Thus, for pre-
paring TEM specimens of the copolymer/organoclay
nanocomposite, the focused ion beam technique was
used with a shorter time exposition around 10–20s.
TEM micrographs of the poly(MA-co-BMA)/organo-
clay nanocomposites were illustrated in Figure 6. It
can be seen from the TEM images that the separa-
tion of clay layers seemed to be highly efficient in
nanocomposites system. Some aggregation of the
clay layers in the nanosystem were observed to
exhibit better intercalation/exfoliation copolymer
chains between silicate galleries. The presence of

Figure 6 TEM micrographs of poly(MA-co-BMA)/O-MMT-2: scale (a) 0.02 lm, � 40.000 and (b) 0.2 lm, � 20.000
magnification.
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single clay layers homogenously dispersed in copol-
ymer matrix indicates the formation of individual
dispersion of delaminated clay platelets, and there-
fore a completely exfoliated nanostructure in pol-
y(MA-co-BMA)/organoclay nanocomposites due to
interfacial interaction via strong complex formation.
Relatively homogenous phase distribution observed
for this nanocomposite is reasonably in agreement
with XRD and SEM analysis results.

CONCLUSIONS

This work presents a new approach to synthesize
functional copolymer/organoclay nanocomposites
by complex-radical interlamellar copolymerization of
preintercalated MA. . .O-MMT complex as a ‘nano-
reactor’ with BMA comonomer as internal plasticiz-
ing agent. The results of the comparative XRD and
DMA analyzes of copolymers and their nanocompo-
sites indicate that the observed effects of interlayer
complex formation and internal plasticization of the
flexible n-butyl ester linkages play an important role
in interlamellar copolymerization and intercalation/
exfoliation in situ processes, in the local chain folding,
and in crystallization process. In general, an increase
in the amount of flexible n-butyl ester linkages leads
to significantly lower Tg values, and therefore, to an
easier exfoliation process of copolymer chains into
organoclay galleries due to the internal plasticization
effect of BMA units. On the other hand, complex for-
mation between MA units and ammonium cations of
organoclay layered surface increases the force of
interfacial interaction between organic (copolymer
chains) and inorganic phases. This preintercalated
complex also plays an important role as a reactive
compatibilizer in the formation of nano-structural
architectures with given thermal and dynamic me-
chanical properties. Synthesized hybrids may be uti-
lized as nano-films and nano-coatings in the in-line
coating processing for surface modification of various
thermoplastic films, as reactive compatibilizer-nanofil-
lers for the reactive thermoplastic polymer blends,
especially for the acrylic polymer based systems, and
also as components of the various nanomaterials pre-
pared in melt by reactive extrusion in situ processing.
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