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Novel exfoliated and interacted polyethylene (PE)/montmorillonite (MMT) nanocomposites prepared by in situ polymerization
were characterized by solid-state nuclearmagnetic resonance (NMR).ephase structure andmolecularmobility were investigated
by proton and carbon NMR under static and magic-angle spinning (MAS) conditions. e results showed that incorporation of
MMT layer enhanced the polyethylene crystallinity behavior. e chain mobility of crystalline phase, interphase and amorphous
phase was hindered in the nanocomposites. e phase structure and chain dynamics were also investigated upon changing
the temperature. e orthorhombic and monoclinic phases were detected according to the 13CP/MAS NMR. Quantitative
characterization of the phase structure was also conducted by 13C DP/MAS upon changing the temperature. Finally, the difference
in the phase structure and chain dynamics in each phase of PE/nanocomposites was compared based on the NMR results when
�ber �ller was introduced.

1. Introduction

Polymer nanocomposites are a new class of particle �lled
polymers in which at least one composite consists of dis-
persed particles in the nanometer size range [1]. e layered
silicate clay, such as montmorillonite (MMT), has been used
in polymer composites for quite a long time. e entity of
sandwiched layers, with 1 nm thickness and few hundred
nanometers size in other two dimensions, is stacked together
with van derWaals gap [2]. Depending on the space between
clay platelets aer incorporation with polymer matrix, the
composites are roughly classi�ed as following: �rstly, exfo-
liated layers are fully open; secondly, intercalated layers are
partially open [3].

�enerally, incorporation of small amounts of �ller can
result in the exfoliated polymer composites form, which can
greatly enhancemechanical anti�ammable and heat-resistant
properties as compared to original polymer matrix and inter-
calated dispersion form [4, 5]. In order to overcome the
interlayer van der Waals bonding barrier to achieve the
layer exfoliation, in situ polymerization approach and melt
intercalation method have been developed [6]. e catalyst
for ethylene polymerization is introduced into the gallery of

layered silicates aerwhich polyethylene forms in situ and the
layer structure delaminates [7].ismethod has proved to be
quite efficient in preparing exfoliated nanocomposites since
the entropy resistance for the intercalation of polymer chains
signi�cantly reduces and the heat released by polymerization
acts favorably to reduce the process-free energy [8].

e molecular architecture of polymers in the solid state
is of fundamental importance to understand various macro-
scopic properties. Solid-state nuclear magnetic resonance
(NMR) is one of the most informative techniques to charac-
terize heterogeneous structures in polymer and polymer/clay
nanocomposites [9]. Proton wide-line NMR and relaxation
experiments have been widely applied to study the phase
structure and chain dynamics. An intermediate component
has been inferred from the data by �tting the 1H wide-
line NMR spectra [10–12]. We [13] used �ber clay, named
palygorskite (PLT), so as to immobilize metallocene catalyst.
e exfoliated PE/palygorskite can be obtained aer ethylene
polymerization. 1H solid-state NMR was used to quanti-
tatively analyse the macromolecular dynamics and phase
structure of the resulting polymer nanocomposites. Vander-
Hart et al. [14, 15] used proton longitudinal relaxation time
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(𝑇𝑇1) to estimate the dispersion degree of MMT. 𝑇𝑇1 showed
a pronounced dependence on the Fe3+ concentration due to
the strong paramagnetic of the Fe3+. However, the 1H NMR
spectrum of solid polymers oen exhibits severely broad
signals due to the strong 1H-1H dipolar coupling and ran-
dom orientation of the molecule. Fast magic-angle spinning
(MAS) has been successfully used to average the 1H-1H
dipolar coupling and obtain high resolution spectra for
organic solids [16]. Lee et al. [17] used protonMAS technique
to study the interaction between proton and phosphoric acid
in the poly(vinyl phosphoric acid). e results showed that
hydrogen-bonded P–OH could be used as proton conductor.
Moreover, 13C cross-polarization and magic-angle spinning
(CP/MAS) NMR [18, 19] has been recognized as a powerful
tool for investigating structures and dynamics of polymer
composites. e combination of dipolar decoupling (DD),
cross-polarization (CP), and MAS techniques permits one
to detect chemical shis and magnetic relaxation parameters
that are directly related to the chain conformation and
dynamics in each phase structure.Wang et al. [20] used solid-
state 13C-NMR to study the conformational change and
structural heterogeneity of surfactantmolecules on themont-
morillonite layer. ose surfactant molecules had higher
chain mobility and disordered conformation. Moreover, the
existence of two orthorhombic phases was also reported by
Hillebrand et al. using solid-state 13C-NMR [21].ey found
that the chains responsible for the orthorhombic crystalline
phasewith broad-linewidthmade relative fast 180∘ chain �ips
by a traveling chain twist defect already at room temperature.
e orthorhombic crystalline phase with narrow-line width
may indicate the perfect crystalline phase. Our latest work
also used solid-state 13C-NMR to study the phase structure
and chain dynamics of polyethylene/palygorskite obtained
by in situ polymerization [22]. e results of 13C CP/MAS
showed that the chain mobility of orthorhombic crystalline
phase with broad resonance line is obviously hindered com-
pared with the narrow resonance line phase when the �ller is
introduced.

In this work, the exfoliated and intercalated polyethy-
lene/MMT nanocomposites were obtained according to the
ethylene in situ polymerization, respectively. Subsequently,
the phase structure and chain dynamics of nanocomposites
with different dispersion state were investigated by solid-state
NMR. 1H and 13C solid-state NMR was used to study phase
composition and molecular mobility of the samples under
static and MAS states. Finally, the change in phase structure
of PE nanocomposites was compared based on the NMR
results whenMMT and PLT were introduced into PE matrix.

2. Experiments

2.1. Materials. Bis(cyclopentadienyl)titanium dichloride
(Cp2TiCl2, ACROS Organics) was purchased from J & K
Chemical (Shanghai, China) and used as received. Toluene
was puri�ed using Solvent Puri�cation (Invention Tech.
USA). Methylaluminoxane (MAO) in toluene (wt%, 10%)
was purchased from J & K Chemical (Shanghai, China).

Polymerization grade ethylene was obtained from Ningbo
Gas Company (Ningbo, China) and puri�ed through Gas
Puri�cation instrument (Shengmai Chemical Company,
Dalian, China). [(C18H37)2N(CH3)2]

+Cl− and Ca-based
MMT was purchased from J & K Chemical. e content of
Fe3+ of MMT was 3.1 wt% according to the product instru-
ment.

2.2. Preparation of Polyethylene and
Polyethylene/MMT Nanocomposites

2.2.1. Preparation of the Modi�ed MMT. e puri�cation
procedure of MMT was obtained as follows: 300 g MMT was
dispersed in 5 L water and then stirred for 60mins. 8.5 g
Na2CO3 was added into the MMT suspension and stirred for
45mins.emixturewas condensed for 120mins.e super-
natantwas further rotated in ultracentrifugal instrumentwith
2000 rpm. Finally, the supernatant was dried at 90∘C for 12 h.
e X-ray diffraction (XRD) results showed that interlayer
spacing of puri�ed MMT was 1.3 nm.

50 g puri�ed MMT suspended in 6 L water. en, 9.4 g
[(C18H37)2N(CH3)2]

+Cl− was added into the mixture. e
pH value of this mixture was maintained around 8.0 mod-
ulated by HCl. Subsequently, the mixture was stirred for
120min at 65∘C. e abundant Cl− was removed using
distillated water. Finally O-MMT can be obtained aer the
mixture was dried. e XRD results showed that interlayer
spacing of O-MMT was greatly increased to 3.8 nm.

2.2.2. Ethylene Polymerization. e polyethylene bulk was
prepared as follows. Ethylene polymerization was conducted
in a 300mL autoclave stainless steel reactor. e reactor was
set to 80∘C and purged �ve times by nitrogen and one time
by ethylene before polymerization. en the reactor tem-
perature was set to 40∘C, and 200mL toluene was poured
into the reactor with cocatalyst 5mmol MAO. Ethylene
pressure was �xed at 0.1MPa. Polymerization started by
introducing 50 𝜇𝜇mol Cp2TiCl2 into the reactor. Polymeriza-
tion was then quenched by adding 20mL acidi�ed ethanol.
Polymers are dried at 60∘C under vacuum for 6 h aer
�ltering. Polyethylene/MMT nanocomposites were prepared
following the same method with pure polyethylene except
that O-MMT was �rstly introduced and stirred for 15min
under ultrasonic; then catalyst was introduced. e content
ofMMT in the polyethylenematrix wasmodulated according
to the polymerization time.

2.2.3. Characterization of the PE and PE/MMT Samples.
Molecular weight (MW) and MW distribution (MWD)
were determined by gel permeation chromatography (GPC)
method at 150∘C using a PL-GPC-220 (Polymer Laborato-
ries, Darmstadt, Germany) instrument and 1,2,5-trichloro-
benzene as solvents. Transmission electron micrographs
(TEM) were obtained using a Phillips CM100 apparatus at
an acceleration voltage of 100 kV. Each sample was prepared
using an ultracryomicrotome cutting apparatus at −130∘C,
yielding samples 80 nm in thickness. A thermogravimetric
analysis was carried out on a TGA/SDTA851 instrument
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(Me⧵ETTER Corp., Switzerland). e N2 �ow rate was �xed
at 20mL ⋅min−1. Heating took place from 30 to 1000∘C at
10∘C ⋅min−1 heating rate. X-ray diffraction spectra of clay
samples were recorded on a Rigaku D/Max-RA diffractome-
ter (Japan) with Cu Ka radiation (40KV, 80mA). Scanning
was done in 0.02∘ steps at a speed of 2∘ ⋅min−1.

2.3. NMRMeasurements. 1H solid-state NMR spectra, longi-
tudinal magnetization relaxation (𝑇𝑇1), and DQ build-up
curves were obtained using a Bruker DSX-200 spectrometer
at a proton frequency of 200.02MHz. e data were col-
lected for nonspinning samples. A 1.5 𝜇𝜇s 90∘ pulse and
a 5 s recycle delay were used for all experiments. e
detailed experiment followed the same method with the
former study [22]. 13C solid-state NMR was carried out on
Bruker DSX-500 spectrometer. e magic-angle spinning
speed was 5 kHz in all 13C CP/MAS (cross-polarization and
magic-angle spinning) and 13CDP/MAS (direct-polarization
and magic-angle spinning) NMR measurements using
2.5mm MAS probe. 13C CP/MAS were recorded using 5 s
recycle time with changing the contact time.

3. Results and Discussion

3.1. Basic Information of the Polyethylene and Polyethy-
lene/MMT Nanocomposites. e results of ethylene poly-
merization are shown in Table 1. Catalyst activity obvi-
ously decreases when more O-MMT is introduced. Prtic-
ularly, catalyst activity reaches to almost 25% of that in
homogeneous catalyst when the loading of O-MMT is
7.2%. It indicates that the electronegativity of the MMT
greatly in�uences the catalyst activity although it is cov-
ered by [(C18H37)2N(CH3)2]

+Cl− layer. e defect of the
[(C18H37)2N(CH3)2]

+Cl− cover layer, particularly on the side
of MMT, causes the uncovered acid MMT layers contacting
with catalyst active sites and thus decreases the activity [23].

Figures 1(a) and 1(b) compare the XRD results of PE
and PE/MMT nanocomposites. e diffraction peak 001 of
O-MMT disappears in the PEMT18, which indicates that
the ordered structure of MMT is destroyed aer ethylene
polymerization. e distance between MMT layers is larger
than 8 nm in the PEMT18 matrix. However, two diffraction
peaks can be found in the small angle range of XRD spectra
of PEMT71. e layer distance can be calculated as 5.07 nm
and 1 nm, respectively. is indicates that the MMT layer
distance is smaller than PEMT18 and part ofMMT layer may
aggregate. e dispersion state of MMT in the polyethylene
matrix is further investigated by TEM (Figures 1(c) and
1(d)). TEM morphology shows that the distance of MMT
layer in PEMT18 is large and exfoliated nanocomposite is
obtained.Moreover,MMT layer shows obviously aggregation
behavior in PEMT71, and the intercalated dispersion is �nally
achieved.

3.2. Solid-State NMR Experiments

3.2.1. Phase Composition and Chain Dynamics by Proton
NMR Spectra. Wide-line proton NMR bases its analysis on

the extent of constrained molecular motions in the different
domains [12].e experimental wide-line spectra are decon-
voluted into three components using the WinFit program.
e broad component of the spectrum is approximated by
a Gaussian function. is is a rough approximation of the
actual line shape as shown in the following. e shape
parameter (𝛼𝛼 𝛼 𝛼𝛼𝛼) of the line with intermediate width (i.e.,
the interface) is between that of a Gaussian (𝛼𝛼 𝛼 1) and
a Lorentzian (𝛼𝛼 𝛼 𝛼) [22]. e differences in the three
component line shapes are expected to arise from differences
in polymer chain motilities. e crystalline chains will result
in the broad line due to only a partial motional averaging of
the dipole-dipole interaction between the protons along the
chains.

Figure 2 shows the �tting results of proton wide-line
NMR spectra measured at different temperature. Figure 2(a)
shows large changes in phase composition when the MMT
clay is introduced. As compared to the content of crystalline
phase (crystallinity) in the bulk PE, the introduction ofMMT
into the PE matrix greatly increases the crystallinity in a
range of temperature from 300 to 360K. It suggests that
MMT clay layers interfere with the chain folding process
leading to an increased content of well-ordered structures.
Higher MMT amount in the polymer matrix also shows
higher crystallinity. Interestingly, this is an opposite result
compared with our former studies where the crystallinity
was decreased as the palygorskite (PLT) loading increases
in the PE/PLT nanocomposites [22]. In our opinion, the
opposite dependence of crystallinity on �ller loading may be
attributed to the different structure of �ller. MMT �ller is
the layer structure, while PLT �ller presents the �ber style.
Layer structure of MMT is able to adsorb more molecular
chains on the surface compared with the �ber structure
[22, 24]. Moreover, these adsorbed chains contribute to
more mobility con�ned chains which can result in higher
crystallinity. is can also be inferred from the results of
chainmobility in Figure 2(b). All thewidths of three phases in
the nanocomposites are larger than PEmatrix at all measured
temperatures which indicates that the chain mobility of
nanocomposites is hindered.

3.2.2. Chain Dynamics by Proton Double-Quantum Dipolar
Filter (1HDQNMR). emagnetization from themore rigid
part of a heterogeneous polymer can be selected using a
dipolar �lter based on the excitation of the double-quantum
coherences [25]. e e�ciency of the DQ �lter is measured
for PE and PE/MMT samples in Figure 3. At small excitation
times, the �lter selects the magnetisation mainly from the
crystalline regions (rigid part). At longer excitation times,
the �lter starts to act like a transverse relaxation time
(𝑇𝑇2) �lter, and the magnetisation from the less-mobile and
mobile amorphous regions can be selected. e faster chain
motions in the intermediate and amorphous phases reduce
the effectiveness of proton dipole-dipole interactions through
motional averaging [11]. us, the absence of DQ signal
indicates that the dipole-dipole coupling between protons is
weak due to either large distance between proton pairs or fast
molecular motion on an NMR time scale (10–100𝜇𝜇s).
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T 1: Ethylene polymerization in the presence of O-MMT and the characterization results of PE/MMT hybrid materialsa.

Run MMT Conc. in feed
g ⋅ L−1

Polymer yield
g

Activity
Kg PE/molCat ⋅ h

Mw
105 g ⋅mol−1 Mw/Mn MMT in PEb

wt.%
Sample
notation

1 # 0 22.0 2200 4.81 3.3 0 PE
2 # 0.50 10.9 1090 2.19 3.5 1.8 PEMT18
3 # 0.45 5.9 590 1.37 2.9 7.1 PEMT71
a
Polymerization conditions: solvent 400mL toluene. Ethylene pressure 0.1MPa. Cat. conc. In the feed 25 𝜇𝜇mol Ti ⋅ L−1. Polymerization time 60mins.

bMMT content in the polyethylene matrix was measured by TGA.
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F 1: X-ray diffraction spectra (a, b) and TEMmorphology (c, d) of PE and PE/MMT nanocomposites: (a) spectra in the full diffraction
angle; (b) spectra in the small angle rang; (c) TEMmorphology of PEMT18, ×200000; (d) TEMmorphology of PEMT71, ×200000.

Figure 3(a) shows the normalized DQ build-up curves
of samples measured at room temperature. e intensity of
polyethylene matrix DQ spectrum is obviously lower than
that of nanocomposites, suggesting that the nanocomposites
are more rigid than the bulk PE. Moreover, the maxima
of the curves appear at very short excitation time, in the
range from 8 to 15 us, indicating the presence of strong 1H
dipolar interaction. is interaction represents the feature
of crystalline phase in the PE samples. In our case, this

interaction in nanocomposites is higher than that in the PE
bulk and is enhanced in higher �ller loading samples. It
indicates that the chains of crystalline phase are more rigid
in polymer nanocomposites, and the rigid degree increases
when the �ller loading goes up. Moreover, the initial stage of
DQ build-up curves without normalization always presents
linear shape. e slope of the initial curves can re�ect the
position of �rst maximum on the DQ curves. e maximum
position will be delayed with a low slope indicating a more
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F 2: Fitting results of 1H wide-line NMR spectra. (a) Phase composition and (b) line width.
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F 3: e DQ built-up curves of PE and PE nanocomposites measured at room temperature. (a) DQ built-up curves and (b) the slope
of initial part in DQ curve.
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F 4: 1H/MAS spectrum of PE and PE nanocomposites. (a) A typical 1H/MAS spectrum measured at room temperature; (b) half width
of the 1HMAS spectra dependence on the temperature.

mobile phase [26]. Temperature-dependent measurements
of the DQ build-up curves show some interesting features.
e slope of initial stage of DQ curves measured at different
temperature is shown in Figure 3(b). e slope decreases
upon increasing the temperature. It indicates that the chain
mobility of crystalline phase is enhanced. At all temperatures,
the slope of nanocomposites is obviously higher than that
of polyethylene bulk and also increases as the MMT loading
increased. It suggests that the chains become more rigid in
crystalline phase when the MMT load is increased. us, the
results of DQ build-up curves show good correspondence
with those of wide-line proton NMR.

3.2.3. Chain Dynamics by 1HMAS Spectrum. Solid-state var-
iable-temperature/magic-angle spinning (MAS) 1H NMR
measurements are carried out. e results are shown in
Figure 4. For semicrystalline polyethylene, the line width
of the 1H signal is dominated by the dipolar interactions
between protons. e magnitude of such interaction is
usually several tens of kHz, and it is possible to achieve high
resolution in the 1H spectrum by MAS at a speed of 5 kHz
in our experiments. During MAS process, strong dipolar
couplings from the restricted motions of molecules can be
removed. us, the so phase information where the chains
mobility has more freedom can be re�ected from the proton
MAS spectrum [16]. In our results, the half width of PE
nanocomposites spectrum is higher than that of PE bulk at all
measurements, which indicates that the chains in so phases
are more rigid due to the addition of MMT �ller.

Moreover, the difference of line width in PEMT18 and
PEMT71 gradually disappears upon increasing the temper-
ature (Figure 4(b)), while the line width of these samples are
almost the same at 365K and 385K where the temperature

is near to the melting point. is may indicate that the MMT
loading plays little effect on the chain dynamics to the chains
in so phases when the chain crystallinity reaches to melting
state. However, it needs to be further proved.

3.2.4. Chain Dynamics by 1H Longitudinal Magnetization
Relaxation (𝑇𝑇1). Less numerous paramagnetic Fe3+ ions exist
in the MMT with a concentration of 3.1 wt%. However, these
ions are strongly paramagnetic and can exert an in�uence
on the nuclear spins near the clay surface. Zhang et al. [27]
described the impact of Fe3+ ions on Li+ spins in intercalated
MMT clays. e paramagnetic impurities had a great in�u-
ence on the spin-lattice relaxation time of the protons. e
longitudinal magnetization relaxation (𝑇𝑇1) decreased when
the paramagnetic in�uence occurred.

e recovery of themagnetization is well �ttedwith a sum
of two components, and the results are shown in Figure 5.
Higher values of relaxation times are observed when 1.8 wt%
MMT introduces into the bulk polyethylene. It suggests that
the presence of the �ller leads to an immobilization of the
chain in rigid phase (Figure 5(a)) and so phase (Figure 5(b)).
is effect is in agreement with the �ndings from the
wide-line NMR. However, the relaxation time is obviously
decreased when the �ller loading increases to 7.1 wt%. e
in�uence of paramagnetic of Fe3+ ions occurs due to the
intercalated dispersion state of PEMT71. It is believed that the
Fe3+mainly resides in the octahedral sites ofMMTand can be
enriched on the outside of the clay layers [2]. e protons of
the organic modi�er ([(C18H37)2N(CH3)2]

+Cl−) on the clay
can become as close as 0.5-0.6 nm from the Fe3+ ions. Such
protons, as well as certain PE protons that are very proximate
to the surface, will experience both a direct line broadening
and a shortening of 𝑇𝑇1 [14, 15]. e layers between MMT
are closer in the intercalated dispersion state. e in�uence
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F 5: Longitudinal magnetization relaxation 𝑇𝑇1 value dependence on the temperature.

of Fe3+ on the relaxation time will be enhanced compared
with a relative larger distance ofMMT in exfoliated PE/MMT
nanocomposites.

3.2.5. Phase Composition and Chain Dynamics by 13C Solid-
State NMR. A typical 13CCP/MASNMR spectrum is shown
in Figure 6. e spectrum is fully deconvoluted by Loren-
tizian line shapes. A combination of four components �tting
leads to the best �tting results for the spectrum measured
at RT. e four components correspond to the different
phases: amorphous phase (30.82 ppm), intermediate phase
(31.64 ppm), orthorhombic crystalline phase (32.67 ppm),
and monoclinic phase (33.74 ppm). Based on the gauche
effect, 13C NMR can distinguish between orthorhombic and
amorphous phases. For the former, segments are in all-
trans conformation, and 13C NMR resonance appears at
32.9 ppm. For the latter, the 30.8 ppm line is from gauche
containing conformation [27]. Moreover, polyethylene usu-
ally takes two types of crystal forms: the stable orthorhombic
and metastable monoclinic phases. e orthorhombic phase
occurs under normal conditions, and the latter appears aer
straining the PE [20]. e chains in these two phases take all
zig-zag conformation but pack in different ways. e planes
of the all-trans chains in the monoclinic phase are parallel to
one another. However, they are perpendicular to each other
in the orthorhombic phase.

Recently, much attention has been paid to deal with
the existence of the third crystalline phase [21]. Our latest
publication also detected out two orthorhombic crystalline
phase in the PE/PLT nanocomposites by 13C CP/MAS NMR
[22]. e chains responsible for the Cr-b carbon resonance,
which can form the main fraction of the crystalline domains,
make relatively fast 180∘ chain �ips by a traveling chain twist
defect already at room temperature. us, this resonance is

(ppm)

27282930313233343536373839

F 6: Fitting results of 13C CP/MAS of PE spectra when the CP
time is 1ms at RT.

associated with the defective crystalline phase. e chains
responsible for the Cr-n carbon resonance do not show these
motions and probably are found in more perfect crystalline
structures. However, only one orthorhombic phase with
narrow-line width is found in PE/MMT nanocomposites,
indicating that more perfect crystalline phase is obtained in
PE/MMT nanocomposites.

e crystallinity cannot be calculated directly from the
13C CP/MAS spectrum, because of the different cross-
polarization efficiency of crystalline and amorphous phase.
DP/MAS 13C spectrum is required to measure the crys-
tallinity [20]. e results are listed in Table 2. e contents
of orthorhombic phase and monoclinic phase in PE/MMT
nanocomposites are both higher than those in polyethylene
bulk at room temperature. is shows good correspondence
with the results obtained by proton NMR. e line widths
of amorphous phase and interphase in nanocomposites
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F 7: Proposed scheme of different polymerization methods for preparing nanocomposites.

T 2: Results of 13CDP/MAS experiment.

Phase Composition % Half-width Hz

RT

CS (ppm) 30.82 ± 0.01 31.64 ± 0.01 32.67 ± 0.01 33.74 ± 0.01 30.82 ± 0.01 31.64 ± 0.01 32.67 ± 0.01 33.74 ± 0.01
0% 59.83 4.45 29.35 6.37 145.9 104.6 119.4 174.4
1.8% 40.66 11.42 38.3 9.62 151.4 138.5 110.2 172.4
7.2% 38.34 11.13 34.53 15.97 173.5 198.8 98.1 280.9

385K

CS (ppm) 29.77 ± 0.01 30.44 ± 0.01 32.25 ± 0.01 33.76 ± 0.01 29.77 ± 0.01 30.44 ± 0.01 32.25 ± 0.01 33.76 ± 0.01
0% 77.99 3.63 14.25 4.13 45.7 162.2 153.3 327.5
1.8% 75.24 6.55 16.41 0.9 60.2 178.1 139.3 127.2
7.2% 71.99 10.81 17.16 — 51.5 326.5 136.3 —

are both higher than those of polyethylene bulk. e line
width also broadens as increasing the �ller loading, which
means that the chain mobility in these two phases is more
rigid. Furthermore, the line width of orthorhombic phase in
nanocomposite gradually decreases comparedwith polyethy-
lene bulk, while the line width of monoclinic phase obviously
increases. It indicates that the introduction of MMT has
more in�uences on monoclinic crystalline phase. e pro-
ton dipolar-dipolar interaction from monoclinic crystalline
phase may contribute more in broadening the proton wide-
line NMR spectrum. e monoclinic phase of PE/MMT
nanocomposites almost disappears when the temperature
reaches to the melting point. It suggests that the monoclinic
phase is more sensitive to the temperature compared to the
orthorhombic phase due to its metastable state.

�.�.�. �e �n��ence of �i��e� �t��e on t�e ���sta��ine �e�a�io�s
of Nanocomposites. In summary, chain dynamics and phase
composition investigated by solid-state NMR show that
MMTs with layer structure have obviously different in�uence
on polyethylene crystalline behaviors compared with the
PLT with �ber style, especially in crystalline phase. e
reasons may be concluded as follows. �rst, the surface area
of MMT is larger than �ber PLT �ller due to the 2D layer
structure of MMT [20]. Larger surface area can adsorb more
polymer chains during the polymerization. is can result
in much interaction between the polymer chains; thus more
rigid chains will be obtained. Secondly, the polymerization
method of PE/PLT and PE/MMT is a bit different which is
shown in Figure 7. Cp2TiCl2 was �rstly supported on the

outer surface of PLT �bers during the preparation of PE/PLT
nanocomposites. Polymerization directly occurred on the
surface of PLT. e crystalline behavior of those growing
chains was in�uenced as soon as the chain growth starts
[28, 29]. e physical structure and surface chemistry of
PLT could both in�uence the nascent growing chains. us,
this results in more defective crystalline phase. However,
the chain growing process of PE/MMT is different. MMT
�ller is a multilayer structure. e distance between each
layer is about 1.24 nm in the original MMT. is dis-
tance mainly increases to 3.68 nm aer being modi�ed by
[(C18H37)2N(CH3)2]

+Cl−. e modi�ed MMT (�-MMT)
can achieve best dispersion in toluene aer ultrasonic
15mins. Polymerization was conducted by Cp2TiCl2/toluene
solution aer the best dispersion state was obtained. Here,
the polymerization was actually conducted by homogeneous
Cp2TiCl2. e tensile force coming from the chain growth
could easily separate MMT layers without conquering the
layer force between them (support fragmentation). us, the
effect of support fragmentation to the chain folder process
was less [28]. MMT can mainly act as the nucleator when
the growing chain reaches to a relative large scale. e great
in�uence on crystalline behavior of the growing chains may
arrive from the solution. As a result,more con�nedmolecular
chains can be obtained.

4. Conclusion

In thiswork, solid-stateNMR is used to study the phase struc-
ture and chain dynamics in the exfoliated and intercalated
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PE/MMT nanocomposites prepared by in situ polymeriza-
tion. A combination of proton and carbon methods under
static and MAS conditions are used for the detailed study of
phase structure. e results show that the incorporation of
MMT with layer structure causes a large change in the phase
structure. is structure also shows great difference from
that of PE/PLT nanocomposites. e incorporated MMT
enhances the crystallization process which results in higher
crystallinity in PE/MMT nanocomposites. e polyethylene
chains in the crystalline phase, interphase, and amorphous
phase are also hindered due to the addition of MMT. 13C
CP/MASNMR shows that only one orthorhombic crystalline
phase with narrow-line width can be detected. 13C DP/MAS
NMR are quantitatively used to measure the phase structure
and chain dynamics.e results show that the introduction of
MMT has more in�uences on monoclinic crystalline phase.
e proton dipolar-dipolar interaction from monoclinic
crystalline phasemay contributemore in broadening the pro-
ton wide-line NMR spectrum. e monoclinic phase of PE/
MMT nanocomposites almost disappears when the temper-
ature reaches to the melting point due to its metastable state.
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