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ABSTRACT: Effect of polymerizable montmorillonites
(P-MMTs) on the morphology of polyethylene/montmoril-
lonites (PE/MMTs) nanocomposites during filling poly-
merization was studied. The microstructure analysis
showed that the P-MMTs were more exfoliatable than non-
polymerizable MMTs in the preparation of PE/MMTs
nanocomposites. By examining the influence of the poly-
merization condition on the microstructure of the resultant
nanocomposites, it was confirmed that the shear force
formed by the mechanical stirring was the driving force of
the exfoliation dispersion of MMT sheets during the filling
polymerization. Comparatively, the shear force on MMT
sheets might be increased due to strong interaction
between PE chains linked to the surface of P-MMTs and
the solvents molecules, which is the reason that polymeriz-
able clay is more exfoliatable than nonpolymerizable clay.

The copolymerization between polymerizable modifier
and ethylene was confirmed by NMR measurements. Fur-
thermore, the morphology of the resultant nanocomposites
was influenced by the concentration of the dispersed P-
MMTs. The degree of exfoliation of the resultant nanocom-
posites at a relatively low concentration was higher than
that at a high concentration. This is because of the multiscale
organization of the organoclay dispersed in the organic me-
dium. High exfoliation degree of MMTs and improved inter-
action between PE matrix and P-MMTs in PE/P-MMTs
nanocomposites led to significant improvements in mechani-
cal properties and barrier properties. VC 2010 Wiley Periodicals,
Inc. J Appl Polym Sci 117: 1646–1657, 2010
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INTRODUCTION

As the discovery of remarkable improvements in
physical properties of polymeric materials with
addition of small amounts of clay,1–3 researchers
have placed heavy emphasis on the synthesis of
polymer/clay nanocomposites.4–6 Such enhance-
ments in properties have been attributed to the
nanoscale dimensions of clay particles, which allow
significant polymer–clay interaction. The most signif-
icant enhancements have been observed with com-
plete delamination of the clay platelet (exfoliation).
The clay particles may also be dispersed in aggre-
gates that retain their ordered morphology (interca-
lated state) with polymer embedded between clay
sheets. The most frequently observed morphology is
a mixture of intercalated and exfoliated domains. To
aid the dispersion and the exfoliation of clay in or-

ganic media, hydrophilic clay particles are typically
modified with quaternary ammonium surfactants.
Even with the incorporation of quaternary ammo-
nium surfactants, complete exfoliation of clay par-
ticles is usually difficult. Different mechanical and
chemical means have been utilized to facilitate exfo-
liation to varying degrees of success. Three principal
strategies have been investigated to obtain polymer/
clay nanocomposites, including solution-blending,7,8

melt intercalation9–12 and in situ polymerization.13,14

Besides in situ intercalative polymerization, in
which the polymerization is initiated in the gallery
of organoclay (or clay) to exfoliate the clay aggregate
when the polymer chains grow in size, polymer/
clay nanocomposites can also be obtained by filling
polymerization. In this process, the organoclay (or
clay) is added into the reaction system, where it
may be intercalated or even exfoliated by solvent or
monomer molecules (for bulk polymerization, mono-
mers serving as solvents) during the polymerization,
and the nanocomposite is in situ formed. In this
case, the dispersion state of the organoclay in the
systems is vital to the final morphology of the result-
ant nanocomposite.15,16 Generally organoclays are
well known in their ability for swelling and gel for-
mation in organic media.15,17–20 The dispersion state
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of organoclay in the organic media depends on the
interactions between the media and the surface of
organoclay at different scales, i.e., swelling at the
macroscopic scale to form gels, interplatelets swel-
ling at nanoscopic scale.15,19–21 Enhanced dispersions
could be induced by increasing the interaction
between the monomers and the organoclays.16 If the
organoclay is exfoliated in the solvent or monomer,
then exfoliated nanocomposite would be obtained; if
the organoclay is intercalated in the organic me-
dium, then the morphology of the resultant nano-
composite usually is an intercalated structure.

Efforts had been made to promote the exfoliation
of the clay platelets in the filling polymerization. It
has been found that the introduction of polymeriz-
able groups into the clay galleries can lead to a more
exfoliated morphology of the organoclay. This
method has been mostly reported in the preparation
of polystyrene (PS)/clay nanocomposites.22–30 It can
also be used in the preparation of other polymer/
clay nanocomposites.16,31–36 According to these
researches, the resultant nanocomposite is usually
intercalated whether the modified clay by nonpoly-
merizable agent is intercalated or not in the system
before polymerization; but the resultant nanocompo-
site is usually partially exfoliated when the modified
clay by polymerizable agent is intercalated in the
system before polymerization. If the modified clay is
exfoliated in the system before polymerization, no
matter the clay is polymerizable or not, the resultant
nanocomposite is surely exfoliated. Furthermore, the
use of polymerizable clay can also bring enhanced
interfacial interaction between polymer matrix and
clay through the copolymerization of polymerizable
modifiers and monomers, which would bring
enhanced properties consequently, e.g. improved
thermal stability, mechanical properties, and
increased glass transition temperature. Furthermore,
some researchers suggested that the exfoliation
degree of the polymerizable clay could be influenced
by the position of the reactive functional
group,16,24,37 and a crosslinking structure was found
during the preparation.25,28,32,33,37 However, the rea-
son why the polymerizable clay is more exfoliatable
than the nonpolymerizable clay is still unclear. Obvi-
ously, such knowledge could be very useful in
designing exfoliated nanocomposites with enhanced
interfacial interaction.

Polyolefin is a kind of the most widely used poly-
mers for many applications due to their low cost
and high performance, thus the polyolefin/clay
nanocomposites are highly attractive.38–40 But polyo-
lefin does not have polar groups in its backbone and
is not compatible with clays. So the filling polymer-
ization involving polymerizable clay is the desirable
solution to the preparation of polyolefin/clay nano-
composites.40–45 In this work, we use the filling poly-

merization to prepare polyethylene (PE)/MMTs
nanocomposites through polymerizing ethylene cata-
lyzed by metallocene/MAO system in the presence
of polymerizable MMTs (P-MMTs). We focus on
investigating microstructure evolution in the result-
ant nanocomposites and the driving force of exfoli-
ated dispersion of P-MMTs. The effects of polymer-
ization conditions, such as the concentration of P-
MMTs, stirring rate, and polymerization time, on the
microstructures of the resultant nanocomposites
were studied. The shear force formed by mechanical
stirring, of which the transmission could be influ-
enced by the interaction between the polymer chains
linked to clay and the solvent molecules, plays a key
role in the formation of the final microstructure of
the nanocomposites.

EXPERIMENTAL

Materials

Naþ-montmorillonites (MMTs) used in this work,
with a cation exchange capacity (CEC) of 119
mequiv/100g, were from Kunimine Co. Analytical
grade Na2SO4, KOH, C2H5OH, and dodecylamine
were used without further purification. N,N-dime-
thyllformamide (DMF) was dried over 4 Å molecu-
lar sieves for 10 days and then distilled over CaH2

under vacuum. Toluene was dried over 4 Å molecu-
lar sieves for 10 days and then refluxed over Na/K
alloy for at least 8 h and distilled. 11-Bromo-unde-
cene (95%, Aldrich), phthalimide (98%, Aldrich), rac-
ethylene bis(4,5,6,7-tetra-hydro-1-indenyl) zirconium
dichloride (rac-Et(IndH4)2ZrCl2, Boulder Scientific
Company), methylaluminoxane (MAO: 10 wt % in
toluene, Ethyl Corp.), and ethylene (polymerization
grade, Liaoyang Chemical Corp.) were used without
further treatment.

Preparation of samples

Undec-10-enylamine, which was used as a precursor
of modifier for the MMTs, was synthesized through
Gabriel method according to the reference method.46

Then the precursor was protonated with equal molar
concentrated HCl in deionized water at 80�C to get
undec-10-enylammonium chloride as a modifier.
Polymerizable montmorillonites (P-MMTs) were pre-
pared by ion exchange of undec-10-enylammonium
chloride with interlamellar cations of the MMTs. The
hot aqueous solution of modifier was poured into
the hot dispersion of MMTs, and the loading level of
the modifier was 143 mequiv/100g, which is 1.2
CEC times. The mixture was stirred vigorously
for 30 min at 80�C, then filtrated, washed with 50%
(v/v) aqueous ethanol and freeze-dried for 24 h.
Synthesis of polyethylene/P-MMTs (PE/P-MMTs)
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nanocomposites was performed at 60�C with 1.2 bar
of ethylene pressure in a glass reactor with toluene
as the solvent. Before polymerization, the glass reac-
tor was heated under vacuum and allowed to cool
down under dry argon flow to remove all moisture
traces. After transferring 100 mL toluene and
designed amount of P-MMTs to the reactor, the mix-
ture was stirred at 60�C for 2 h to make the P-MMTs
swollen sufficiently in the toluene. Then the pre-
scribed amounts of MAO and catalyst (Al/Zr ¼
1500) were transferred to the reactor, and polymer-
ization was started by pressurizing the reactor with
ethylene under the mechanical stirring rate of
350 rpm. After 1 h, the polymerization was stopped
by rapid depressurization of the reactor and quench-
ing with ethanol. The reaction mixture was precipi-
tated in ethanol above 5 h and then filtered, washed
with ethanol, and dried in a vacuum oven overnight.
Samples were marked as P-PEx (x ¼ 1 to 5) accord-
ing to their contents of P-MMTs. PE/dodecylammo-
nium chloride modified MMTs (PE/12MMTs) com-
posites were synthesized to compare with PE/P-
MMTs nanocomposite. On the basis of theoretical
models,47,48 increasing the length of organic mole-
cules tethered on clays is a promising approach to
further promote the dispersion of clay sheets in a
polymer matrix, surely PE/12MMTs composite
should have better performance in the dispersion
state of clay sheets than PE/undecylammonium (not
available) modified MMTs composite. All experi-
mental conditions were kept the same. Samples with
different content of 12MMTs were marked as 12PEx
(x ¼ 1 to 3). A neat PE sample was also prepared for
comparison, marked as HOMO.

Characterization

Wide angle X-ray diffraction (WAXD) was carried
out with a Rigaku model Dmax 2500 using a Cu Ka
radiation, and the interlayer distance (d001) of MMTs
was estimated from the (001) diffraction peak in the
WAXD profiles with Bragg formula. All high-tem-
perature 1H-NMR and 13C-NMR spectra were
recorded on a Bruker AM-400 instrument in
o-dichlorobenzene (DCB) -d4 at 130�C. Molecular
weight and molecular weight distribution of the
products were measured with gel permeation chro-
matography (GPC) operated at 135�C and equipped
with four Waters Styragel columns (HMW2,
2�HMW6W, HMW7) and a RI detector. 1,2,4-tri-
chlorobenzene was applied as solvent at a flow rate
of 1.0 cm3/min. The columns were calibrated with
narrow molar mass distribution polystyrene stand-
ards using a universal calibration method. Before ex-
amination the samples were dissolved in 1,2,4-tri-
chlorobenzene and then filtrated. For all the samples
with low MMT contents, only few MMT platelets

would pass through the columns, and the effect of
MMT sheets on GPC results could be neglected.
Field emission scanning electron microscope
(FESEM) and energy-dispersive X-ray (EDX) analysis
were used to investigate the morphology and the
composition of the samples on a XL 30 ESEM FEG
scanning electron microscope (Micrio Fei Philips,
Holand). Transmission electron microscope (TEM,
JEOL JEM-2010(HR), at 200 kV) was also used to
investigate the morphology of PE nanocomposites.
Samples were prepared using ultramicrotome at
�100�C. Thermal gravimetric analysis (TGA) was
carried out on a PerkinElmer TGA-7 Series Thermal
Analysis System at a heating rate of 10�C/min from
50 to 700�C under nitrogen gas. Rheological meas-
urements were performed on a PHYSICA MCR 300
at 190�C, and complex viscosities and storage modu-
lus were measured as a function of angular fre-
quency (ranging from 0.01 to 100 rad/s). Static me-
chanical properties were measured with Instron 1121
tensile testing machine, and the crosshead rate was
set at 20 mm/min. The data showed good repeat-
ability. The permeation experiments of oxygen
through neat PE film and the nanocomposite films
were measured with a gas transmission rate (G.T.R.)
measurement apparatus (K-315-N-03) at 30�C. The
thickness of the samples was about 30 lm.

RESULTS AND DISCUSSION

Syntheses of polymerizable montmorillonites
(P-MMTs) and PE/P-MMTs nanocomposites

Undec-10-enylamine was synthesized through Ga-
briel synthesis method46 (45% yield), and the struc-
ture was confirmed by 1H-NMR (Fig. 1). Polymeriz-
able organic modifier was synthesized by
protonating the undec-10-enylamine with equal
molar concentrated HCl. P-MMTs were prepared by
intercalation of the earlier modifier into the inter-
layer of MMTs via cation exchange. At the same
time dodecylammonium chloride modified MMTs
(12MMTs) were prepared for comparison. Figure 2
shows that a distinct shift of the (001) diffraction
peak in the wide angle X-ray diffraction (WAXD)
profiles of P-MMTs (2h ¼ 6.3�, d001 ¼ 1.40 nm) and
12MMTs (2h ¼ 6.2�, d001 ¼ 1.42 nm) occurs in

Figure 1 1H-NMR spectrum of Undec-10-enylamine in
CDCl3-d1.
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contrast with that of MMTs (2h ¼ 8.9�, d001 ¼ 9.92
nm), which indicates an effective intercalation of the
organic modifiers. TGA results of P-MMTs, HOMO,
12PE2, and P-PE3 were shown in Figure 2. It
showed that P-MMTs contained about 14.1 wt % of
the organic modifier (marked as wt %PM), which
was 80.7% with respect to the CEC of MMTs
(marked as E%PM). Comparatively, 12PE2 and P-PE3
showed a worse thermal stability than HOMO due
to the introduction of quaternary ammonium modi-
fied MMT. Quaternary ammonium was typically
poor thermostable.

Table I summarizes the results of ethylene poly-
merization catalyzed by rac-Et(IndH4)2ZrCl2 in the
presence of organically modified MMTs (OMMTs).

Weight-average molecular weight (Mw) and polydis-
persity index (PDI), and the MMT contents of all the
samples were measured by GPC and TGA, respec-
tively. Before GPC measurements, the samples were
dissolved in 1,2,4-trichlorobenzene then filtered
through a filter with its aperture about 200 nm in
diameter. Thus there would be almost no MMT
sheets or PE molecules linked to the MMTs pass-
ing through the filter in the solution for GPC meas-
urements. Based on the GPC results, the Mw of PE
in PE/P-MMTs nanocomposites (P-PE1~P-PE4) de-
creased in comparison with that of neat PE (HOMO
sample in Table I). The same phenomenon was also
reported in other researches where copolymerizable
monomers took part in polymerization.49,50 In con-
trast, the Mw of PE in PE/12MMTs composite
(12PE1) is close to that of the neat PE. For P-PE5,
homopolymerized PE and copolymerized PE were
separated by extraction using decalin as solvent in a
Soxhlet extractor for 48 h, and then the MMTs in the
residue were removed by reacting with hydrogen
fluoride (HF) before examination. According to the
GPC results for the both parts, it is clear that the
Mw of homopolymerized PE is higher than that
of copolymerized PE. The catalytic activities de-
creased slightly in the presence of OMMTs. While
comparing PE/P-MMTs nanocomposites with PE/
12MMTs composites, the activity of the catalyst
almost remained the same. Under the same poly-
merization conditions, the contents of MMTs in the
PE/P-MMTs nanocomposites and the PE/12MMTs
composites increased with the concentration of
OMMTs.

Figure 2 TGA results of P-MMT, HOMO, 12PE2 (12MMT
1.0 wt %), and P-PE3 (P-MMT 1.0 wt %).

TABLE I
Summary for the Filling Polymerization Results of Ethylene in the Presence of Fillers Using rac-Et(IndH4)2ZrCl2 as

Catalysta and d001 Values of MMT in the Resultant PE/MMT Nanocomposites

Samples
MMTs contentb

(wt %)
MMT

d001
c (nm)

Activityd

(106g/atm h mol)
Mw

e

(105g/mol)
Mn

e

(104g/mol) PDI

P-PE1f 0.2 null 2.24 1.33 4.75 2.8
P-PE2f 0.4 null 2.01 1.28 3.88 3.3
P-PE3f 1.0 1.40 1.98 1.26 5.04 2.5
P-PE4f 2.5 1.40 1.76 1.52 5.85 2.6
P-PE5f 3.7 1.40 1.90 1.14 6.33 1.8
P-PE5f,g null 1.40 null 0.75 2.78 2.7
12PE1h 0.4 1.42 2.16 2.14 8.92 2.4
12PE2h 1.0 1.42 1.89 2.03 8.46 2.4
12PE3h 5.6 1.42 2.08 null null null
HOMO null null 2.20 2.27 8.41 2.7

a Polymerization conditions: temperature ¼ 60�C, Pethylene ¼ 1.2 bar, [rac-Et(IndH4)2ZrCl2] ¼ 3.42 � 10�5 M, Al/Zr ¼
1500, time ¼ 1 h, stirring rate ¼ 350 rpm.

b Measured by TGA.
c Calculated according to WAXD results.
d Activity ¼ resultant product mass/(time � [rac-Et(IndH4)2ZrCl2] � Pethylene).
e Measured by GPC.
f PE/P-MMT nanocomposite.
g The remains of P-PE5 after extracted by decalin and then HF treatment.
h PE/12MMT nanocomposite.
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Morphology and properties of PE/P-MMTs
nanocomposites

WAXD profiles of the resultant nanocomposites are
shown in Figure 3. A weak (001) diffraction peak
could be observed in the PE/P-MMTs samples.
Comparatively, the PE/12MMTs samples showed a
strong (001) diffraction peak. TEM images for the
microstructures of the resultant products are shown
in Figure 4. As expected, only intercalated structure
was formed in PE/12MMTs composites even if the
content of 12MMTs was very low [Fig. 4(d)]. In con-
trast, a mixed state of exfoliated and intercalated P-
MMTs coexisted in PE matrix [Fig. 4(a–c)]. The con-
tent of exfoliated P-MMTs increased gradually with
decreasing the P-MMTs content [Fig. 4(e,f)]. This

phenomenon was similar to Khalil’s work.30

Actually the MMT contents in the P-PE2 (0.4 wt %)
and the P-PE3 (1.0 wt %) are the same as those in
the 12PE1 (0.4 wt %) and the 12PE2 (1.0 wt %),
respectively. This demonstrates that P-MMTs can be
more easily exfoliated and well dispersed in PE ma-
trix, which agrees with other works using polymer-
izable clay.16,22–37 Furthermore, the interface between
MMTs sheets and PE matrix was so fuzzy that
MMTs could not be seen clearly in low-magnifica-
tion TEM images when the P-MMTs were well exfo-
liated in PE/P-MMTs nanocomposites (e.g., P-PE2).
This results from the strong interaction in the inter-
facial region. Thus the copolymerization plays an
important role in the exfoliation of P-MMTs. The
exfoliation degree of PE/P-MMTs and PE/12MMTs
can be informed by the gas permeation of the mate-
rials when the MMT loading is the same (Table II).
Owing to the good dispersion of P-MMTs in PE ma-
trix, P-PE3 and P-PE1 showed better barrier property
compared to HOMO and 12PE2. Comparing P-PE3
with P-PE1, it was clearly seen that under the pre-
condition of good dispersion, the higher the content
of MMTs was, the better the gas barrier property
was. Although 12PE2 (1.0 wt % of MMTs) had a
higher content of MMTs than P-PE1 (0.2 wt % of
MMTs), oxygen transmission rate of P-PE1 was 43%
lower than that of 12PE2. More interestingly, an 80%
decrease in oxygen transmission rate of P-PE3
occurred comparing with HOMO sample.
Figure 5 presents EDX patterns and FESEM

images of P-PE3 and 12PE3 after extracting with
boiling decalin for 48 h. The results showed that the
content of carbon element was still high in PE/P-

Figure 3 WAXD profiles of PE/12MMTs and PE/P-
MMTs samples.

Figure 4 TEM images of (a,e) P-PE2, (b) P-PE3, (c,f) P-PE4, and (d) 12PE1.
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MMTs nanocomposites after extraction [Fig. 5(a)],
meaning that a large amount of PE remained in the
sample, evidenced by the morphology observation
[Fig. 5(b,c)]. In contrast, a little amount of carbon
element was found in the extracted 12PE3 sample
[Fig. 5(d)], and only trace of PE was left [Fig. 5(e,f)].
This extraction experiment confirmed that the strong
interaction in the interfacial region between MMTs
and PE matrix was formed in PE/P-MMTs nano-
composites compared to PE/12MMTs composites. In
the former case, a part of PE chains would be linked
to the MMTs surface by electrovalent force after
copolymerizing ethylene with P-MMTs. The PE/P-
MMTs nanocomposites have been subjected to 1H-

NMR and 13C-NMR examinations to determine the
occurrence of ethylene copolymerization with the
vinyl group on the P-MMTs. Before NMR measure-
ments, the P-PE5 was dipped in concentrated HF so-
lution for a week to remove the MMT sheets and
improve the solubility of the remained PE in organic
solvent. The residue was filtered, washed with water
followed by C2H5OH to remove the unreacted poly-
merizable modifier, and dried before the examina-
tion. In Figure 6(a), besides the major chemical shift
at d ¼ 1.35 ppm, which corresponds to CH2 groups
in both PE backbone and its branch chain, the spec-
trum shows a minor chemical shift at d ¼ 3.24 ppm,
which represents the characteristic resonance for the
ACH2ANH3

þ group, and d ¼ 2.05 ppm, which rep-
resents the characteristic resonance for the
ACH2ACH2ANH3

þ group. The 13C-NMR spectrum
[Fig. 6(b)] shows that the produced PE brings methyl
branches (marked as Me) and long chain branches
(longer than six C atoms, marked as Hxþ) that are
produced via the insertion of vinyl-terminated PE
formed in situ through b-hydride elimination or
chain transfer to the monomer.51–54 The chemical
shifts and their corresponding characteristic resonan-
ces are listed in Figure 6(b). Noticeably the chemical
shift d ¼ 43.15 ppm represents the characteristic res-
onance for the ACH2ANH3

þ group. These results

TABLE II
The Permeability Coefficient of Oxygen

for the Samples at 30�C

Sample HOMO P-PE1 P-PE3 12PE2

MMTs content (wt %) 0 0.2 1.0 1.0
Transmission rate (barrera) 6.15 1.58 1.20 2.10
Pn/Ph

b 1 0.257 0.195 0.341

a 1 barrer ¼ 10�10 cm cm3 cm�2 s cm Hg.
b Pn: oxygen transmission rate of the nanocomposite

sample; Ph: oxygen transmission rate of the HOMO
sample.

Figure 5 (a) EDX pattern of P-PE3 after extracting pure PE with boiling decalin for 48 h (corresponding to the area
shown in the FESEM image (b)); (b) Low-magnification FESEM micrograph of P-PE3 after solvent extraction; (c) High-
magnification FESEM micrograph of P-PE3 after solvent extraction; (d) EDX pattern of 12PE3 after extracting PE with boil-
ing decalin for 48 h (corresponding to the area shown in FESEM image (e)); (e) Low-magnification FESEM micrographs of
12PE3 after solvent extraction; (f) High-magnification FESEM micrographs of 12PE3 after solvent extraction.
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confirm that the copolymerization of ethylene with
the P-MMTs has been performed successfully. More
detailed information about the microstructure of
PE/P-MMTs nanocomposites can be obtained by cal-
culation using the 1H-NMR and GPC data.

Taking P-PE5 for example, supposing the integral
intensity of ACH2ANH3

þ structure is 1, then the
integral intensity of other CAH structure is 15,846
[Fig. 6(a)]. Apparently the number of hydrogen
atom in AC11H21ANH3

þ structure is much less
than that in the backbone C–H structure, so the PE
chain can be simplified to be composed of ACH2A.
Then the weight percentage of AC11H21ANH3

þ

(wt %�C11H21�NHþ
3
) structure can be got by formula (1):

wt %�C11H21�NHþ
3
¼

I�CH2�NHþ
3
� 1

2 �M�C11H21�NHþ
3

I�CH2� � 1
2 �M�CH2�

(1)

Where I�CH2NH
þ
3

stands for the integration of
ACH2ANH3

þ, I�CH2� stands for the integration of
ACH2A structure within PE chain. M�C11H21�NHþ

3
and

M�CH2� are the molecular weights of AC11H21ANH3
þ

and ACH2A. wt %�CH11H21�NHþ
3
turns out to be 0.077%.

Furthermore, the reaction efficiency of the polymeriz-
able modifier (R%PM) can be gained:

R%PM ¼
wt %�C11H21�NHþ

3

wt %P�MMT �wt %PM
(2)

Here wt %P-MMT stands for the content of P-MMTs
in the P-PE5, wt %PM stands for the content of the
polymerizable modifier in the P-MMTs sample.
R%PM turns out to be 14.7%. Considering the surface

area of MMTs (AMMT) is 700–800 m2 g�1, the number
of polymerizable modifier molecule linked to PE
backbone for each MMT sheet (NPM-M) can be calcu-
lated:

NPM�M ¼ CEC�NA� E%PM � R%PM

100�AMMT=Asheet
(3)

Here E%PM is the cation exchange efficiency, NA
is Avogadro constant, Asheet is the surface area of
each MMT sheet. Supposing the shape of MMTs is
round, then Asheet ¼ 2p d2/4, and because the aspect
of used MMTs is 100–200, hence d (diameter of each
sheet) could be 100–200 nm. The average values of
AMMT and d have been taken, i.e. 750 m2/g and 150
nm, respectively. Thus NPM-M should be 4014. Com-
bining with the GPC data, the number of polymeriz-
able modifier molecule linked to each PE molecule
(NPM-P) can also be got:

NPM�P ¼
wt %�C11H21�NHþ

3
=M�C11H21�NHþ

3

PDIEX � ðwt %EX �wt %P�MMTÞ=MwEX
(4)

Where wt %EX is the weight percentage of
extracted P-PE5 divided by sample weight before
extraction. MnEX, MwEX, and PDIEX (polydispersity
index) are Mn, Mw, and PDI data of the extracted
P-PE5 after HF treatment. NPM-P turns out to be 1.2.
This proved that it had a crosslinking structure com-
posed of MMTs and polymer chains. Further, the
value of NPM-M/NPM-P stands for the number of PE
chains linked to each MMT sheet, and it turns out to
be 3345. These results only fit for the case of P-PE5.
It is well known that naturally occurring layered sili-
cates (such as MMTs) are inhomogenous across
layers,55 thus such calculation serves only as an ap-
proximate guide to the microstructure of PE/P-
MMTs nanocomposites.
As expected, the formation of special microstruc-

ture in PE/P-MMTs nanocomposites led to a signifi-
cant improvement in mechanical properties at rela-
tively low MMT content. The nanocomposites (P-
PE1 and P-PE3) showed a better performance than
pure PE (HOMO) in tensile modulus, tensile
strength, and especially elongation at break (c.a.
2000%). The deformation behavior of PE/P-MMTs
nanocomposites has been reported in another work
by us;56 it was found that the synchronous improve-
ments in stress and toughness were attributed to the
synergistic movement of PE matrix and P-MMTs.

Formation mechanism of the morphology
of PE/P-MMTs nanocomposites during in situ
polymerization

The earlier results showed that the dispersion state
of P-MMTs in PE matrix depended on the

Figure 6 1H-NMR (a) and 13C-NMR (b) spectra of
treated P-PE5 in o-DCB-d4 at 130�C (Me stands for methyl
branches, Hxþ stands for long chain branches with more
than six C atoms).
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concentration of P-MMTs. Generally OMMTs are
well known in their ability for swelling and gel for-
mation in organic media, and the concentration of
OMMTs influences their aggregation states.15,17–20

The dispersion states of OMMTs in organic solvent
are multiscale organization of nanoclays, i.e., swel-
ling at the macroscopic scale to form gels, and inter-
platelets swelling at nanoscopic scale.19–21 In our
case, the interlayers of P-MMTs swell slightly in tol-
uene according to WAXD results [Fig. 7]. The num-
ber of platelets (n) in tactoids can be calculated
according to the reference method15 using Scherrer
law:

L ¼ kkCu
b1=2 cos h

) n ¼ L

d001 þ 1nm
(5)

Here L stands for the size of the diffractant
objects, kCu is the wavelength of the copper emis-
sion, and h is the Bragg angle, k is a corrective factor
(here k ¼ 0.9), b1/2 is the peak width at half-height.

It could be got that n ¼ 3 in the concentration of
0.050, 0.025, 0.010, and 0.005 g/mL. The plot of 0.001
g/mL shows no signal because of the low concentra-
tion of P-MMTs. But based on the results, we had al-
ready got, it can be inferred that the number of pla-
telets (n) in tactoids of P-MMTs at very low
concentration is probably 3. The results showed a
good agreement with Burgentzlé’s work.15 FESEM
images show that swollen P-MMTs have formed glo-
bose gels in toluene at micrometer scale [Fig. 8(a,b)].
The swollen P-MMTs suspensions were dripped
onto silicon wafer to observe the aggregation states
of P-MMTs in toluene. The data in Figure 9 are an
average value of the diameters taken from at least 50
aggregates, based on the diameters of the aggregates
in the FESEM images. An example of the detailed
diameter distribution is given in Figure 9(a). The
diameters of the aggregates increased with the con-
centration of P-MMTs in the suspension in the con-
centration ranging from 0.0001 to 0.0016 g/mL [Fig.
9(b)], which is also the concentration range of the
dispersed P-MMTs for the filling polymerization in
this work. On the above results, a schematic diagram
for the evolution process of the microstructure in
PE/P-MMTs nanocomposites is shown in Figure 10.
This can explain why the aggregation states of P-
MMTs in polymerization media influence the micro-
structure of the resultant nanocomposites during the
filling polymerization. Metallocene catalyst should
be uniformly dispersed in the reaction system due to
its good solubility in toluene. At the beginning of
polymerization, some of the modifiers on the outer
side of the swollen P-MMT aggregates are linked to
the PE chains through copolymerization. Under the
mechanical stir, compared to PE/12MMTs system
during polymerization, a stronger shear force acting
on the surface of MMT sheets will be formed due to
the existence of the PE chains (no matter the chains
are dissolving in the solvent or folding to form crys-
tallites) connected to the P-MMTs. This can be justi-
fied by examining the influence of the mechanical
stirring rate on the dispersion states of P-MMTs.

Figure 8 Low-magnification (a) and high-magnification (b) FESEM micrographs of swollen P-MMT aggregates at concen-
tration 0.0006 g/mL.

Figure 7 WAXD profiles of P-MMTs and swollen P-MMTs
at different concentration in toluene (0.001–0.050 g/mL).
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Figure 11 presents the influence of the mechanical
stirring rate on the dispersion states of P-MMTs.
Here the concentration of P-MMTs in the reaction
system was 0.0008 g/mL. The polymerization time
was about 50 min for each sample, and the content
of the P-MMTs in PE/P-MMTs nanocomposites was
3.0 wt %. According to the results that will be dis-
cussed later, when the polymerization time was
above 45 min, prolonging time did not obviously
affect the exfoliation of the P-MMTs. Thus the differ-
ence in the microstructures of the resultant samples
could reflect the influence of mechanical stirring
rate. Here K is defined to be an index of the degree
of exfoliation:

K ¼ IP�MMT

wt %P�MMT
=

IPE
wt %PE

(6)

IP-MMT and IPE stand for the integral of the inten-
sities of (001) diffraction peak of P-MMT and the
peak of PE located at 2y ¼ 15–25o on the WAXD

profiles, respectively; wt %P-MMT and wt %PE repre-
sent the weight percentages of P-MMTs and PE in
the nanocomposites, respectively. As the integral of
the intensity of X-ray diffraction peak is in propor-
tion to the amount of the corresponding structure, K
can reflect the degree of exfoliation of the P-MMTs.
Here the PE crystallite is used as internal standard.
Only the unexfoliated P-MMTs would contribute to
the intensity of the diffraction peak of P-MMT. The
influence of the P-MMTs content is eliminated by
dividing IP-MMT by wt %P-MMT; and the influence of
crystallinity of the PE is eliminated by dividing IPE
by wt %PE. So the small K means that the more P-
MMTs are exfoliated. The results showed that the
larger the stirring rate was, the smaller K was [Fig.
11(b)]. This implies that more P-MMTs platelets in
the nanocomposites prepared at 350 rpm and 600
rpm were exfoliated comparing with the one pre-
pared at 110 rpm. Inset TEM images in Figure 11(a)
confirmed the earlier results. Under a high stirring
rate, owing to the presence of PE chains linked to
the surface of P-MMTs, the shear force will be

Figure 9 Diameter distribution of swollen P-MMTs aggregates at different concentration (0.0001–0.0016 g/mL).

Figure 10 Schematic illustrations of the formation process of PE/P-MMTs nanocomposites during in situ ethylene poly-
merization in the presence of P-MMTs with different concentration.
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efficiently transmitted to P-MMT platelets to aid
their exfoliation. Thus adjusting the mechanical stir-
ring rate would lead to the formation of the nano-
composites with different microstructures when
keeping other polymerization conditions the same.
However, as shear force could not increase illimit-
ably when the stirring rate went up, there was little
difference in the degree of exfoliation of the nano-
composites prepared at 350 and 600 rpm, meaning
that the microstructure difference in these nanocom-
posites was small. The conclusion that the driving
force for the exfoliation of P-MMTs is the shear force
transmitted through the polymerizable agent helps
to explain the phenomenon that the P-MMTs con-
taining modifiers with long chains are more exfoli-
ated than those with short chains.16,24,37 The poly-
merizable modifiers of P-MMTs with long chains are
easier to be involved in the copolymerization and
achieve stronger shear force than the polymerizable
modifiers with short chains.

As shown in Figure 10, the outer P-MMT sheets
tend to be peeled away under the shear force, but
those in the inner of the swollen P-MMT aggregates
have a tendency to crosslink as the outer P-MMTs
platelets block their way to be exfoliated. As the po-
lymerization continues, the inner P-MMT sheets will
be exposed after the outer P-MMT sheets are peeled
away. At the same time, the crosslinking process in
the inner of the swollen P-MMT aggregates is also
going on due to the presence of a lot of P-MMT
sheets, thus the crosslinking process is competitive
with the exfoliation process. As a result, the disper-
sion state of P-MMTs in PE matrix strongly depends
on the size of its aggregates. When the diameters of
the aggregates are large, more P-MMT sheets are
easy to be crosslinked; otherwise, P-MMT sheets are
easy to be exfoliated. Thus the percentage of exfoli-
ated MMT sheets in PE/P-MMTs nanocomposites
increases with decreasing the concentration of P-
MMTs in the reaction systems. TEM image of P-PE4

Figure 11 (a) WAXD profiles of PE/P-MMTs composites (P-MMTs � 3.0 wt %) prepared at stirring rate 110, 350, 600
rpm and their corresponding TEM images; (b) Relationship of K value with stirring rate, K value is an index of the exfoli-
ation degree of MMTs.

Figure 12 (a) WAXD profiles of PE/P-MMTs samples prepared at different polymerization time; (b) Relationship of K
value with polymerization time, K value is an index of the exfoliation degree of MMTs.
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sample provides a proof of this explanation [Fig.
4(f)]. There are individual MMT sheets near the clus-
ter edge of the intercalated P-MMTs.

The dependence of WAXD profiles of PE/P-
MMTs nanocomposites on polymerization time sup-
ported the earlier discussion about the dispersion
process of the P-MMTs. Here the concentration of P-
MMTs is 0.0010 g/mL. The samples were obtained
at different polymerization time (15, 30, 45, and 60
min), and their corresponding P-MMT contents were
3.7, 3.1, 2.2, and 1.6 wt %, respectively, according to
the results of TGA. The (001) diffraction peak on the
WAXD profiles do not shift with polymerization
time [Fig. 12(a)], implying that the metallocene cata-
lyst almost did not intercalate the interlayer of P-
MMTs during the filling polymerization, but prob-
ably diffused into the inside of P-MMTs aggregates,
where the crosslinking of P-MMTs will take place.
Otherwise, there will be not the dependence of the
microstructures of the resultant PE/P-MMTs nano-
composites on the concentration of P-MMTs in reac-
tion system. The data were processed in the same
way as the investigation of the influence of stirring
rate. It could be seen that the proportion of the exfo-
liated structure increased with the polymerization
time [Fig. 12(b)]. Comparatively, the change of K
value became small when the polymerization time
prolonged above 45 min, suggesting that the exfolia-
tion would slow down and even stop when the
crosslinked structure was formed and finally com-
pleted. The above results confirm that the exfoliation
of P-MMTs aggregates is realized from exterior to
interior.

CONCLUSIONS

By a filling polymerization method, the P-MMTs ori-
ginated from undec-10-enylammonium chloride (a
polymerizable modifier) were chemically linked to
the backbones of some of PE chains during ethylene
polymerization. As a result, the interfacial interac-
tion between PE and MMT was strengthened, and
the dispersion of P-MMTs was better than nonpoly-
merizable organophilic MMTs. During the filling po-
lymerization, the shear force formed by mechanical
stirring, which would be efficiently transferred to
the MMT platelets via the interaction between poly-
mer chains linked to the surface of MMT sheets and
the solvents molecules, is the driving force for the
exfoliation of MMT sheets during the filling poly-
merization. Owing to the presence of the polymeriz-
able modifier incorporated in the polymer backbone,
this driving force made polymerizable organophilic
clay more easily exfoliated than nonpolymerizable
organophilic clay during preparing PE/MMT nano-
composites via filling polymerization. In this case,
the P-MMT sheets were gradually peeled away from

the aggregates of swollen P-MMTs in toluene.
Because of the strong dependence of the size of the
organoclay aggregates on its concentration in the or-
ganic medium, the dispersion states of P-MMTs in
the PE/P-MMTs nanocomposites strongly depended
on the concentration of P-MMTs in the reaction sys-
tems. The exfoliated dispersion of the P-MMTs
would easily occur in the presence of relatively low
content of P-MMTs. We believe that a similar pro-
cess for the microstructure formation occurs in other
polymer/clay nanocomposites via filling polymeriza-
tion. It should be noticed that preventing the forma-
tion of large P-MMT aggregates in the reaction sys-
tem during the filling polymerization will promote
exfoliated dispersion of P-MMT sheets in the poly-
mer nanocomposites.
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