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ABSTRACT: Nanocomposites with a predominantly exfoliated morphology were prepared by melt
blending of organically modified doubled layered hydroxide (LDH) and low density polyethylene (PE).
The prepared materials were investigated by differential scanning calorimetry (DSC) and in detail by
dielectric spectroscopy. The DSC experiments show that the degree of crystallinity decreases linearly with
increasing content of the LDH. The extrapolation of this dependence to zero results in a limiting
concentration of ca. 50 wt % LDH were the crystallization of PE is completely suppressed by the nanofiller.
The dielectric response of pure polyethylene shows different weak relaxation processes. The intensity of
dynamic glass transition (β-relaxation) increases with the concentration of LDH. This is attributed to the
increasing concentration of the exchanged anion dodecyl benzene sulfonate (SDBS). The SDBSmolecules are
strongly adsorbed at the exfoliated LDH layers. Therefore, a detailed analysis of the β-relaxation provides
information about the structure and the molecular dynamics in the interfacial region between the exfoliated
LDH layers and the polyethylene matrix. This analysis shows that the β-relaxation region consists of two
processes: both of them obey glassy dynamics. The difference in corresponding Vogel (ideal glass transition)
temperatures is about 30 K. The relaxation process at lower frequency is assigned to polyethylene segments
with a reduced molecular mobility close to LDH layers. The process at higher frequencies is related
to polyethylene segments in a farer distance for the surface of the nanofiller. In the nanocomposite materials
an additional process due to Maxwell-Wagner-Sillars (MWS) polarization was observed. The time
constant of this MWS process can be correlated with characteristic length scales in nanocomposites and
therefore provides additional information on dispersion and delamination/exfoliation of the LDH layers
in these materials.

1. Introduction

Over the past decade polymer-based nanocomposites gained
rapidly increasing interest from the point of view of both basic
and applied researches.1-7 This is due to their favorable and often
unique combination of properties. They show remarkable prop-
erty improvements such as increased tensile properties, decreased
gas permeability, decreased solvent uptake, increased thermal
stability, and flame retardancywhen compared to conventionally
scaled composites. This is directly related to the small size of the
filler particles and their dispersion on the nanometer scale.
Besides this, the interface area between the nanoparticles and
the polymer matrix is crucial for the properties of polymer-based
nanocomposites. Because of the high surface to volume ratio
of the nanoparticles the volume fraction of the interface area is
high.2,4,8 It is directly influenced by an adjacent nanoparticle
surface.Moreover for nanosized filler particles the length scale of
interaction corresponds to the size of several repeating units of
the polymer chains which is smaller than in conventional scaled
compositematerials. In additionmodifications inpacking density
and molecular mobility of the polymer segments in the interface
area between nanoparticle andmatrix are expected.9-12Despite a
lot of experimental work available in the literature, there is a lack
of even simple structure-property models. Without such models

the progress in the field of nanocomposites remains largely
empirical.8

Recently among other particles like layered silicates (clay),1-7

nanosized metals,13 carbon nanotubes,14-16 or polyhedral oligo-
meric silsesquioxane17-20 layered double hydroxides (LDH) are
gaining increasing interest as nanofiller for polymer-based nano-
composites.21-23 LDHmaterials have a broad range of chemical
composition and are well-known for their catalytic activity.24

Because of a large amount of tightly bounded water25 and other
synergistic effects, they are able to enhance the flame retardancy
of polymer materials.26,27 Like layered silicates, LDH materials
have a crystalline geometry with a variety of interlayer anions,
which can be exchanged by bulky organic anionic species. This
makes LDH especially suitable to prepare polymer nanocompo-
sites because macromolecules can intercalate into the gallery
of organically modified LDH and result in the exfoliation
of LDH layers.

Here the structure/property relationships of nanocomposites
based on low density polyethylene and LDH are investigated
mainly by dielectric spectroscopy. Recently dielectric spectro-
scopy has been successfully applied to a variety of polymer/clay
nanocomposites.12,28-31

2. Experimental Section

LDH materials belong to the general class of anionic clay
minerals. Their structures (and those of hydrotalcites in general)
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are similar to that of brucite (Mg(OH)2) where each magnesium
cation is octahedrally surrounded by hydroxyl groups. An iso-
morphous substitutionofMg2+by a trivalent cationorbya com-
bination of trivalent and other divalent cations occurs in the
LDHs. As a result, a positive charge is generated in the brucite
sheet, which is otherwise electroneutral. The positive charge is
compensated by anions in the interlayer. In these inter galleries
strongly bonded water molecules also exist. A scheme of brucite
and LDH is given in Figure 1. The LDHs are generally described
by the formula [M1-x

2+Mx
3+(OH)2]

x+(Az-)x/z 3mH2O, where
M2+andM3+ are the metal cations. Az- represents the anions to
balance the positive charge of the layer. For the used LDH, the
metal cations are Al3+ and Mg2+ (see Figure 1b) were the
synthesis is described in detail in ref 22. In this point, it should
be noted that LDH is quite different from layered silicates. For
LDH each crystal layer is composed of a single octahedral metal
hydroxide sheet whereas in layered silicates it is a sandwiched
structure of two or more sheets of metal oxides. The inter gallery
anions were exchanged by dodecyl benzene sulfonate (SDBS)
whose chemical structure is given in Figure 2. Again details are
given elsewhere.21,22

Low density polyethylene (LDPE; density 0.9225 g/cm3; melt
flow indexMFI 3.52 g/10min)was purchased fromExxonMobil,
Belgium. Maleic anhydride grafted polyethylene (MAH-g-PE)
(density 0.926 g/cm3, MFI 32.0 g/10 min, maleic anhydride
concentration 1.0 wt %) was used as compatibilizer. It was
obtained from Crompton, USA.

The nanocomposites were prepared by melt mixing in a twin-
screw extruder (27mm screw diameter,L/D ratio 36, 160-200 �C
temperature profile from the feed to the extruder barrel, 200 rpm
screw speedand6kgh-1 feed rate) applying a two stepprocedure.
In the first step a master batch (containing the filler and compa-
tibilizer) was prepared from SDBS modified LDH and MAH-
g-PE in a ratio 1:2 (weight). In the second step the masterbatch
was added in the selected concentration to the base LDPE and
compounded in the same extruder using the same conditions for
the preparation of the masterbatch. Further information of the
preparation of the composites can be found together with a
structural and rheological characterization elsewhere.21 Details
of the prepared samples are listed in Table 1. The nominal weight
fraction of LDH is measured by its metal hydroxide content.
TEMimages showmanywell exfoliatedLDHsheets besides a few
larger LDH particles.21-23 So, the nanocomposites have a pre-
dominantly exfoliated morphology. A model for the exfoliation
mechanism is presented in ref 21.

Dielectric relaxation spectroscopy was applied to investigate
the molecular mobility of the nanocomposites. For polymers this
method is sensitive to fluctuations of dipoles which are related to
the molecular mobility of groups, segments or the polymer chain

as well. Fundamental details are given elsewhere.32 The sample is
placed between two gold covered stainless steel electrodes in
parallel plate geometry (diameter 20mm). The complex dielectric
function ε*( f ) = ε0( f )- iε00( f ) ( f= frequency; ε0 and ε0 0 =real
and imaginary part of the complex dielectric function, i=-11/2)
is isothermally measured in the frequency range from 10-1 to
107Hzbyahigh resolutionALPHAanalyzer (Novocontrol). The
temperature of the sample is controlled by aQuatroNovocontrol
cryo-system with a stability better than 0.1 K. The temperature
was varied from 173 to 413 K. A detailed description of the
dielectric equipment used can be found in ref 33.

Thermal analysis was carried out by differential scanning
calorimetry (DSC, Seiko instruments). The samples were mea-
sured from 173 to 473 K with a heating and cooling rate of 10 K/
min.N2was usedasprotection gas.For each sample three heating
and two cooling processes were measured. The enthalpy changes
related tomelting and heating were calculated from 225 to 480K.

3. Results and Discussion

Figure 3 compares the DSC curves from the first heating run
for LDPE, PELDH4 (8.94 wt %), and PELDH6 (16.2 wt %).
All materials behave in a similar manner. No glass transition
phenomena can be detected as it is expected for low density
semicrystalline polyethylene.34 A detailed discussion of crystal-
lization andmelting behavior of low density polyethylene includ-
ing copolymers can be found elsewhere.35,36 For the materials
under study around 333 K, a pretransition phenomenon takes
place which disappears after the first cooling run. Probably,
it is related to the preparation of the samples or to its storage at
room temperature. At higher temperatures, the broad melting

Figure 1. Schematic representation of layered structures: (A) brucite-
like sheets; (B) LDH. The figure was adapted from ref 21.

Figure 2. Chemical structure of dodecyl benzene sulfonate (SDBS).

Table 1. Code and Composition of the Investigated Nanocomposites
a

code cLDH [wt %] TMelt [K] ΔHMelt [J/g] ΔHCryst [J/g]

PE 0 379.0 190 -179
MAH-g-PE 0 392.7

0
PELDH1 2.43 378.7 182 -178
PELDH2 4.72 379.0 179 -177
PELDH3 6.89 379.3 172 -166
PELDH4 8.94 379.7 169 -168
PELDH5 12.73 380.0 154 -154
PELDH6 16.20 380.7 153 -151

a In addition the melting temperature TMelt, the melting enthalpy
ΔHMelt (second heating run), and the crystallization enthalpy ΔHCryst

(first cooling run) are given.

Figure 3. DSC curves for PE and corresponding nanocomposites
(first heating run): solid line, PE; dashed line, 8.94 wt % LDH;
dashed-dotted line, 16.2 wt % LDH. The dotted line indicates the
temperature range used for the estimationofmelting enthalpy. The inset
gives the dependence of TMelt on the concentration of LDH. The line is
a guide for the eyes.
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transition with a peak at TMelt ≈ 379 K takes place. With
increasing content of LDH, TMelt shifts slightly to higher tem-
peratures. This can be understood taking into consideration that
with increasing LDH content also the mass fraction of MAH-g-
PE increases, the latter has a higher melting temperature than PE
(see Table 1). The second heating runes gave similar results with
regard to the crystallization and melting enthalpies as well as the
phase transition temperatures. In the inset of Figure 4 the
dependence of the melting ΔHMelt and crystallization enthalpy
ΔHCryst is plotted versus the concentration of LDH. As expected
both quantities decreases with increasing LDH concentration
because the amount of the polymer in the sample decreases with
increasing LDH content. However, ΔH also normalized to the
content of the polymer (ΔHNorm) decreases linearly with the
concentration of LDH (see Figure 4). A similar dependence is
obtained for heating and cooling. This means that the degree of
crystallization (or the number of crystallites) decreases with the
content of LDH.The extrapolation ofΔHNorm to zero results in a
critical concentration of LDH of ca. 50 wt %. For higher
concentrations of the nanoparticels than this critical value no
crystallization of PE can take place anymore. Probably, the
nanoparticles act as defects and hinder the crystallization of the
PE segments. The same was observed for nanocomposites based
on polyamide.37 Unfortunately this critical concentration of
50 wt% cannot be verified directly because no sample with such
a high concentration of LDH can be prepared.

In this context, one has to note that for other systems an
increase of the crystallization rate and also an more perfect
crystals are observed for low concentrations of the nano-
filler because the nanoparticles can act as additional nucleation
sites.38,39 Obviously the question whether nanofillers increase or
decrease crystallization depends on the details of the system
studied.

Upon studying the dielectric behavior of polyethylene
(or other polymers with a high degree of crystallinity in general),
it shouldbenoted that the nomenclature of relaxation processes is
different from that of amorphous polymers.32 Figure 5 gives an
overview about the dielectric behavior of the nanocomposites
where the dielectric loss is plotted as a function of temperature for
a fixed frequency of 1 kHz. The dielectric response of pure
polyethylene is small because its repeating unit carries no intrinsic
dipolemoment. The weak dielectric losses are due to the presence

of impurities in PE. Moreover by oxidation processes a small
number of polar carbonyl groups can be formed.32,40 Titanium
dioxide was applied to control the oxidation without appreciable
change in crystallinity.41 Recently, the dielectric probe technique
was also used to study the molecular dynamics of polyolefins in
detail.42

The isochronal spectra of pure PE shows several weak relaxa-
tion processes indicated by peaks in the dielectric loss.40

The process located at ca. 275 K corresponds to the so-called
β-relaxation in semicrystalline polyolefins, which is related to
segmental fluctuations in the amorphous regions of PE (glassy
dynamics, dynamic glass transition).40 The dielectric loss of
MAH-g-PE is slightly higher than that of pure PE but still weak
due to the low concentration of the polar anhydride group. Like
PE, MAH-g-PE shows a β-relaxation at around 275 K related to
glassy dynamics. At higher temperature the so-called R-relaxa-
tion (or Rc-relaxation) is observed which assigned to the crystal-
line lamella. Its molecular nature is still under discussion.
Probably this process is due to a rotational-translation of chain
segments assisted by a chain twisting.43-45 Moreover at lower
temperatures than 275 K a further relaxation process (γ-relaxa-
tion) is observed which corresponds to localized fluctuations
within the amorphous regions.46 In the following the dielectric
processes observed are discussed in their dependence on the
concentration of LDH. The dynamic glass transition (β-relaxa-
tion) is addressed first, followed by an analysis of the γ-relaxa-
tion. Finally an additional observed interfacial polarization
process is analyzed in detail in the context of the dispersion
of the nanofiller.

Dynamic Glass Transition (β-Relaxation). For the nano-
composites the dielectric loss of the β-relaxation increa-
ses strongly with increasing concentration of LDH (see
Figure 5). The polar component in the system which in-
creases with the concentration of LDH is the bulky anion
dodecyl benzene sulfonate (SDBS).21 In the current under-
standing of nanocomposites with layered nanofillers it is
assumed that the alkyl tail of the surfactant is desorbed from
the surface of the layers and forms a common phase with
the segments of the polymer. Therefore these polar mole-
cules fluctuating together with the apolar polyethylene seg-
ments and monitor the molecular mobility of the latter.
Therefore with increasing LDH concentration, this means
with increasing SDBS concentration, the dielectric loss of
the β-relaxation increases. This corresponds to a dielectric
probe technique42,47 but in difference to its conventional

Figure 4. Melting (O, seconded heating) and crystallization (0, first
cooling, positive values to have a common figure) enthalpies reduced to
the content of the polymer vs the concentration of LDH. The dashed
line is a linear regression using the data of the melting enthalpy. The
dashed-dotted line is a linear regression using the data of the crystal-
lization enthalpy. The solid is a linear regression using both data sets.
The inset gives the melting (b) and crystallization (9) enthalpies versus
the concentration of LDH. The line is a guide for the eyes.

Figure 5. Dielectric loss ε0 0 versus temperature T at a frequency of
1 kHz for PE and different nanocomposites: (g) polyethylene; (O)
MAH-g-PE; (0) 2.43 wt % LDH; (Δ) 4.72 wt % LDH; (]) 8.94 wt %
LDH; (r) 12.73 wt % LDH; (") 16.2 wt % LDH.
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applications here the location of the dielectric probe is
known. Because of the strong negative charge of the SDBS
this molecule is located predominantly close or adsorbed
at the positively charged LDH layers. Therefore dielectric
spectroscopy here probes selectively the molecular dynamics
in an interfacial region close to the exfoliated LDH sheets
because the dielectric loss of the polyethylene is low and
so the matrix of the nanocomposite is nearly dielectrically
invisible. Note that the dielectric loss of pure poly-
ethylene is more than 1.5 orders of magnitude lower than
that of the nanocomposite with the lowest concentration
of LDH. A detailed analysis of the measured dielectric
properties provides information about the structure
and the molecular dynamic in this interfacial region. In the
line of this argumentation, it would be interesting to
investigate a sample of PE with SDBS without LDH. Unfor-
tunately, no stable sample of this kind could be pre-
pared even for low concentrations of SDBS because the
surfactant molecules migrate to the surface of the specimen.
This proves once again that the SDBS molecules are
adsorbed onto the LDH sheets and that they are not free in
the PE matrix.

In addition to the increase of the dielectric loss for the
nanocomposites the β-relaxation is shifted to lower tempera-
tures. This leads to the conclusion, that the molecular
mobility in the interfacial region is higher than that in the
bulk unfilled PE. Moreover, compared to conventional
polymers the shape of the loss peak for the nanocomposites
is quite unusual with a pronounced high temperature
contribution.48

To further analyze of the isothermal data in the
temperature region of the β-relaxation a derivative
method is applied as suggested by van Turnhout and
W€ubbenhorst.49,50 As example for a Debye-like relaxation
process ε00Deriv = -dε0/d(log f) = ε002 holds. Because of the
square in that formula a relaxation process appears narrower
in ε00Deriv than the corresponding peak in ε00. Therefore
strongly overlapping broad relaxation peaks are better
resolved. This is further supported by the fact that the
discussed derivative can be regarded as the simplest approx-
imation of the relaxation time spectrumwhich is a δ function
for the Debye process.50 The generalization of this approach
to broadened relaxation processes (non-Debye response)
observed here is discussed in detail in ref 50. Figure 6 displays
ε00Deriv versus frequency for the sample PELDH6 (16.2 wt%)
at two temperatures. The spectra show a double peak
structure. The same behavior is observed for all concentra-
tion of LDH in the nanocomposites. This means that the
β-relaxation of the nanocomposites consist of at least two
relaxation processes. For pure LDPEonly a single relaxation
process with a normal shape is found.41,42

The observed two relaxation processes are assigned to two
different regions of molecular mobility of the polyethylene
segments depending on the distance from the LDH particle
surface which will be discussed below. There are only
few papers that consider the structure and the dynamics
of surfactant molecules intercalated within clay galleries
(see for instance refs 51 and 52 and the literature quoted
there) by NMR and dielectric spectroscopy or for lecithin
molecules adsorbed on Aluminum oxide (Anopore).53 These
studies show that the polar headgroup is strongly adsorbed
at the clay layers. The alkyl tails are partly collapsed on the
silica sheets, but the surfactants have a certain molecular
mobility which depends strongly on temperature.51 Room
temperature NMR studies show that the disorder
and relaxation rates increase if the methyl terminus of
the surfactant is approached.51,52 In the presence of most

intercalates, for instance, polymers the alkyl tails of the
surfactant are desorbed from the surface of the silica sheet,
extended to the interlayer and forms a mixed phase with the
segments of the polymers. For the system under investiga-
tion, the same is assumed. The polar headgroup of the SDBS
molecules interacts strongly with the surface of the LDH
sheets and the polyethylene segments form a single phase
with the alkyl tails of the surfactant. In a short distance the
molecular mobility of this phase is decreased as discussed
above. Therefore the low frequency process (process I) is
assigned to the polyethylene segments and alkyl segments of
SDBS in close proximity to the LDH layers. A similar result
is found for poly(ethylene oxide)/laponite nanocomposites
by NMR.54 On the other hand, the long alkyl tail with the
bulky methyl group of the SDBS molecules play the role of
plasticizer for the PE segments in the region farer from the
LDH sheets. Therefore the high frequency process (process
II) is assigned to the PE segments and parts of the alkyl tail
of SDBS in a greater distance from the LDH sheets.
It should be noted that an increase of the molecular mobility
close to exfoliated clay layers was also observed for poly-
propylene/clay nanocomposites for good dispersed nano-
particles12 whereas for a bad dispersed system the molecular
mobility remains unchanged.

The model function of Havriliak/Negami55 (HN-func-
tion) is used to analyze the β-relaxation region quantita-
tively. According to the double peak structure the whole
fit function consist of two HN-function and reads

ε/ð f Þ- ε¥ ¼
X
k¼1, 2

Δεk

ð1 þ ðif =f kÞβk Þγk
ð1Þ

f is the frequency (i=-11/2), f0,k is a characteristic frequency
related to the frequency of maximal loss fp,i (relaxation
rate)50 of each process, βk and γk are fractional parameters
(0 < β e 1 and 0 < βγ e 1) characterizing the shape of the
relaxation time spectra.Δεk denotes the dielectric strength of
each process. ε¥ gives ε0 for ff¥. The relevant details can be
found ref 50. To reduce the number of free parameters and to
stabilize the fit, γi=1 (symmetrical loss peaks) is chosen. An
example of this analysis is given in Figure 7 for the sample
PELDH2 (4.72 wt %) from which the relaxation rates fp,i
of each process and the dielectric strength Δεβ of the whole
β-relaxation is deduced. For all concentrations of LDH, the
β parameter increase with temperature from 0.35 to 0.4
for process I and from 0.4 to 0.55 for process II. An
example for this dependency is given in the inset of Figure 8.

Figure 6. ε0 0Deriv = -dε0/d(log f) versus frequency for PELDH6
(16.2 wt %): (O) 263.2 K; (0) 278.2 K. Lines are guides for the eyes.
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Because of the temperature dependence of shape parameter
β the β-relaxation processes do not behave thermorheo-
logically simple as also know for other polymers.32

The relaxation rates fp of both processes are plotted versus
reciprocal temperature for the sample PELDH6 in Figure 8.
For both processes, this trace is curved versus 1/T, and the
data seem to follow the Vogel-Fulcher-Tammann (VFT)
equation56 which reads

log f p ¼ log f ¥ -
A

T -T0
ð2Þ

(log f¥, A are constants). T0 is the so-called Vogel or
ideal glass transition temperature. For conventional poly-
meric systems T0 is found to be 50 to 70 K below the glass
transition temperature Tg. Therefore T0 can be taken as
a measure of Tg.

For a more detailed analysis of the temperature depen-
dence of the relaxation rates a derivativemethod is applied.58

This method is sensitive to the functional form of fp(T)

irrespective of the prefactor. For a dependency according
to the VFT equation one gets

dðlog f pÞ
dT

" #-1=2

¼ A-1=2ðT -T0Þ ð3Þ

In a plot of [d(log fp)/dT]
-1/2 versusT, aVFTbehavior shows

up as a straight line (see Figure 9). All experimental data can
be well described by straight lines which proofs that the
temperature dependence of the relaxation rates of both
processes is VFT-like. A temperature dependence of the
relaxation rates according to the VFT equation is regarded
as a sign of glassy dynamics. Therefore it is concluded that
both of the observed relaxation processes are due to
a dynamic glass transition in spatial regions with different
distance to the LDH layers. To have a signature as a glass
transition, the spatial extent of these regions should be on the
order of 1-3 nm.59-63 So, it is further concluded that the
thickness or the extension of the interfacial region into the
bulk matrix is about the same length scale.

To obtain the parameters of the VFT equation the Vogel
temperature T0 was estimated from the derivative technique
by linear regression. The parameters log f¥ and A are
obtained by fitting the VFT equation to the corresponding
fp datawhile keepingT0 fixed. All parameters are collected in
Table 2. An example of this fit is given in Figure 8. This
analysis indicates that the temperature dependence of the
relaxation rates of the both relaxation processes is quite
different characterized by the different slopes of the both
regression lines. The difference in the estimated Vogel
temperatures is for this LDH concentration around 40 K.
So, one has to conclude that the molecular dynamics in the
interfacial region around the LDH sheets is quite different. It
is worth noting that the value ofT0 found for pureLDPE is in
between the values found for the both relaxation processes
observed for the nanocomposites.42

Figure 5 shows that the temperature position of the
β-relaxation of the nanocomposites is independent of the
concentration of LDH. This concerns also the temperature
dependence of the relaxation rates of the both processes.
This indicates that with an increasing content of LDH the
relaxation mechanism does not change only the amount
of the sensed interfacial region increases. Therefore it can
be analyzed by considering all concentrations of LDH

Figure 7. Dielectric loss ε0 0 versus frequency for the sample PELDH2
(4.72wt%)atT=263.2K.The solid line is a fit of twoHN-functions to
the data. The dashed line is the contribution of the low frequency
process where the dashed-dotted line corresponds to that of the high
frequency one.

Figure 8. Relaxation rates fp,i vs 1/T for the both relaxation processes
of theβ-relaxation for the samplePELHD6 (16.2wt%).Lines are fits of
the VFT equation to the data as described in the text. The inset gives the
temperature dependence of the shape parameter β for the same sample:
(0) process I; (O) process II. The lines are linear regressions to the data.
The relationof theβ-parameter of theHN-function to theKohlrausch-
Williams-Watts βKWW exponent is β≈ βKWW

1.23. For more details see
refs 50 and 57.

Figure 9. (d(log fp,β)/dT)
1/2 versus temperature for the two different

processes PELHD6 (16.2 wt%): (O) high temperature process; (0) low
temperature process. The lines are linear regression to the correspond-
ing data sets.
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simultaneously using the derivative technique (Figure 10).
For both processes all data collapse to a single line. To
estimate an average value for the Vogel temperatures a linear
regression is carried out by using the data for all concentra-
tions of LDH. This procedure increases the statistical rele-
vance of the estimated mean values of T0 (see Table 2). The
difference between both mean Vogel temperatures is 30 K.
Using the errors of the slope and the intersection resulting
from that joint linear regression amaximal error is calculated
for T0 (see Table 2). For both Vogel temperatures the
calculated maximal error is essentially smaller than the
difference between the T0. This statistical analysis confirms
that the difference in the temperature dependence of the
relaxation rates of both processes and therefore the differ-
ence in the molecular mobility in different distances form
the LDH sheets. From the VFT parameters a dielectric
glass transition temperature can be calculated by Tg

Diel =
T( fp=10-2 Hz). The average difference in Tg

Diel for the both
processes is about 10 K.

The Debye theory of dielectric relaxation generalized by
Kirkwood and Fr€ohlich64 gives for the dielectric relaxation
strength

Δε ¼ 1

3ε0
g

μ2

kBT

N

V
ð4Þ

where μ is the mean dipole moment related to the process
under consideration andN/V is the number density of dipoles
involved. Here μ is mainly related to the dipole moment of the
SDBS molecule and the number density is related to its
concentration, a fact which is well-known for conventional
dielectric probe spectroscopy on polyolefins.42,65 g is the
Kirkwood/Fr€ohlich correlation factor which describes static
correlation between the dipoles (g=1, no correlation; g<1,
antiparallel orientation; g > 1, parallel orientation). kB is
Boltzmann’s constant. TheOnsager factor describing internal
field effects is omitted for the sake of simplicity. ε0 is the
dielectric permittivity of free space. Because of the fact that
the estimated dielectric strength for the individual processes of
the dynamic glass transition shows a relatively large scatter,

only its sum Δεβ = ΔεI + ΔεII, as obtained by the fit of two
HN functions, is discussed further. Figure 11 shows the
temperature dependence of Δεβ for the nanocomposites.
Δεβ decreases with increasing temperature as expected for a
dynamic glass transition.32 As already seen from the raw data
(see Figure 5) the dielectric strength of the β-relaxation
increases with increasing content of the nanoparticles.

Δεβ is taken at a selected temperature of TComp = 263.15
K and plotted versus the concentration of LDH in Figure 12.
For low concentrations of LDH Δεβ varies linearly with
cLDH as expected fromEqu. 4. This linear dependence proofs
thatΔεβ is due to the concentration of SDBSmolecules.With
increasing concentration of LDH the number of the SDBS
molecules increases and therefore Δεβ. This becomes even
clearer from the inset of Figure 12 where the ratio Δεβ/cLDH

∼ g is plotted versus the concentration of LDH. For low
values of cLDH this ratio is constant in agreement with the
simple assumption of an increase of the number density of
dipoles. Moreover this linear dependence of Δεβ on the
concentration of the nanofiller supports a well exfoliated
state of the LDH layers in the polyethylene matrix. Such a
behavior will be not characteristic for amicrocomposite with
embedded unexfoliated larger LDH particles.

For higher values of cLDH, Δεβ increases stronger than
expected from a simple increase of the number density of
dipoles. This is also confirmed by the step-like increases of
the ratioΔεβ/cLDH versus the concentration of the nanofiller
(see Figure 12) This points to a change in the structure of the
nanocomposites. For higher concentration of the nanofiller
the exfoliatedLDHsheets cannot be arranged independently
from each other. This leads to a correlation or orientation of
the LDH sheets giving rise to an increase of the Kirkwood/
Fr€ohlich correlation factor and therefore of Δεβ. Of course
also an orientation of the exfoliated LDH layers during the
extrusion process can take place for higher concentration of
LDH. It is worth mentioning again that the temperature
dependence of the relaxations rates is not influenced by this
structural change.

γ-Relaxation. As discussed above the γ-relaxation in
polyethylene corresponds to localized fluctuations within
the amorphous regions. For the nanocomposites also a
relaxation process in the temperature range of the γ-relaxa-
tion is observed. It is analyzed by fitting one Havriliak/
Negami model function to the dielectric spectra. From this
analysis the relaxation rate fp,γ and the dielectric strengthΔεγ
are obtained for this process. Like for the β-relaxation
a symmetrical fitting function is used (γγ = 1). For all
concentrations of LDH β-values around 0.2 are obtained,
which increases slightly with temperature. Figure 13 gives
the relaxation rate of the γ-relaxation versus 1/T. For all
concentrations of LDH the data can be described by an
Arrhenius equation

f p,γ ¼ f ¥exp -
EA

kBT

� �
ð5Þ

(EA, activation energy; f¥, pre-exponential factor).
The estimated values are given in Table 2.

The estimated values for the activation energy are around
40 kJ/mol and seem to be independent of the concentration
of the LDH. These values are in agreement with a localized
relaxation process. The absolute value of the relaxation rate
slightly depends on the concentration of the nanofiller.
With increasing concentration of LDH fp,γ increases and
saturates for high concentrations of LDH. (see Figure 13).
It is worth noting that the value where fp,γ reaches the
plateau is approximately the same where the concentration

Figure 10. (d(log fp,β)/dT)
1/2 versus temperature for the high frequency

processes: (0) 2.43 wt % LDH; (Δ) 4.72 wt % LDH; (+) 6.89 wt %
LDH; (]) 8.94 wt%LDH; (r) 12.73 wt%LDH; (") 16.2 wt%LDH.
The solid line is a linear regression including the data for all concentra-
tions. The inset gives (d(log fp,β)/dT)

1/2 versus temperature for the low
frequency processes: (0) 2.43 wt % LDH; (Δ) 4.72 wt % LDH; (+)
6.89wt%LDH; (]) 8.94wt%LDH; (r) 12.73wt%LDH; (") 16.2wt
% LDH. The solid line is a linear regression including the data for all
concentrations.
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dependence of Δεβ also changes (compare Figure 12). The
γ-relaxation is due to localized fluctuations in the amor-
phous regions of polyethylene. With increasing LDH con-
tent the absolute fraction of the interfacial region increases
which is also amorphous. As discussed above a part of this

interfacial region is plasticized by the long alkyl tails of the
SDBS molecules and has probably a decreased density
compared to bulk LDPE. In these regions, the localized
fluctuations can take place more easily and should have
lower activation energies. The shape of loss peak of the
γ-relaxation is due to a broad distribution of activation
energies.32With increasing LDH content in this distribution,
the contribution of the low activation energies increases and
the mean value of the relaxation rate shifts slightly to higher
values.

Figure 14 gives the temperature dependence of the di-
electric relaxation strength Δεγ of the γ-relaxation for the
nanocomposites. With increasing content of the nanofiller
Δεγ increases (see Figure 15). Keeping in mind that the
γ-relaxation is due to localized fluctuations in the amor-
phous regions of PE. As discussed above with increasing
content of LDH the degree of crystallization decreases and
therefore the relative amount of the amorphous phase
increases. This line of argumentation is supported by the
linear dependence of Δεγ with the cLDH (see Figure 15).
Taking the ratio χ = ΔHMelt/ΔHMelt(cLDH = 0) (enthalpy
values normalized to the content of the polymer) as a crude
estimation for the degree of crystallization in the inset of
Figure 15 Δεγ is plotted versus χ. Δεγ decreases linearly with
χ and becomes approximately zero for χ= 1. This confirms
once again the hypothesis that the γ-relaxation is taking
place in the amorphous regions of the polymer matrix.

Table 2. Estimated VFT Parameters for the β-Relaxation and Activation Parameters for the γ-Relaxation As Described in the Text
a

β-relaxation

low frequency process high frequency process γ-relaxation

sample log( f¥[Hz]) A [K] T0 [K] log( f¥[Hz]) A [K] T0 [K] log( f¥[Hz]) EA [kJ/mol]

PELDH1 12.2 840.0 158.9 14 37.6
PELDH2 8.8 371.3 194.7 11.8 716.8 169.0 14.0 37.9
PELDH3 8.1 274.4 202.1 11.9 720.5 168.8 14.3 38.2
PELDH4 9.5 405.5 193.7 12.0 739.4 167.2
PELDH5 10.1 440 198.7 12.7 810.9 168.0 14.1 36.1
PELDH6 8.6 346.8 201.9 13.2 957.3 158.5 14.3 36.9
mean value 194 ( 15 165 ( 10

aFor the sample PELDH1 the separation of β-relaxation cannot be done unambiguously. The mean values of T0 are estimated using a linear
regression of all data for that relaxation process. The given errors aremaximal errors which are calculated using the errors of the slope and the section of
this regression line.

Figure 11. Dielectric relaxation strengthΔεβ for the β-relaxation vs 1/T
for the different nanocomposites: (0) 2.43 wt % LDH; (Δ) 4.72 wt %
LDH; (+) 6.89wt%LDH; (]) 8.94 wt%LDH; (r) 12.73wt%LDH;
(") 16.2 wt % LDH. The solid lines are linear regressions to the
corresponding data sets. The dashed lines indicate the temperature
for comparison.

Figure 12. Dielectric relaxation strength Δεβ vs the concentration
of LDH at TComp = 263.15 K. The solid line is a guide to the eyes.
The dashed lines indicates the linear behavior Δεβ ∼ cLDH. The inset
gives the ratio Δεβ/cLDH vs the concentration of LDH. The solid line is
a guide to the eyes.

Figure 13. Relaxation rates fp,γ vs 1/T for the γ-relaxation for the
nanocomposites: (0) 2.43 wt%LDH; (Δ) 4.72 wt%LDH; (+) 6.89 wt
% LDH; (]) 8.94 wt % LDH; (r) 12.73 wt % LDH; (") 16.2 wt %
LDH. The solid lines are fits of the Arrhenius equation to
the corresponding data. The inset give fp,γ vs cLDH at T= 185.15 K.
The solid line is a guide to the eyes.
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Interfacial Polarization.For the nanocomposites, an addi-
tional process is observed at higher temperatures than the
melting temperature (see Figure 16). This peak is assigned
to an interfacial polarization process50 (Maxwell/Wagner/
Sillars) due to the blocking of charge carriers at internal
phase boundaries. Generally, such an interfacial polariza-
tion process is caused by (partial) blocking of charge carriers
at internal surfaces or interfaces of different phases having
different values of the dielectric permittivity and/or conduc-
tivity at a mesoscopic length scale or at electrodes.

Although an interfacial polarization is not a relaxation
process, it can be also described by fitting theHN function to
the data (see Figure 16) and a characteristic frequency fInter
∼1/τInter can be deduced. With increasing concentration of
the nanofiller, the interfacial process shifts to higher fre-
quencies at a fixed temperature (see Figure 16). This becomes
even clearer considering the temperature dependence of fInter
(see Figure 17). Because of this shift, the different tempera-
ture dependencies of fInter for the different concentrations of
nanofiller and the fact that all samples have approximately
the same thickness electrode polarization could be excluded.
Moreover, the interfacial process can be also observed
at temperatures above TM. Therefore also the blocking
of charge carriers at lamellar boundaries is exscluded.
Considering the predominantly exfoliated geometry of the

LDH sheets dispersed in the polymer matrix this process is
related of the blocking of charge carriers at internal polymer/
LDH interfaces. The shift of fInter at fixed temperature to
higher values with increasing concentration of LDH can be
understood that with increasing concentration of the nano-
filler the mean distance d between the exfoliated LDH layers
becomes smaller, and so the charge carriers need a shorter
time to diffuse between them before being blocked at the
internal phase boundary. This can be quantitatively dis-
cussed in an oversimplified model. If d roughly characterizes
the mean distance between exfoliated LDH layers the block-
ing of the charge carriers at these walls is described by an
electrical double layerwith an effective spacing characterized
by its Debye length LD. This double layer represents an
additional capacitance CDL in the system and the time-
dependence of the polarization is due to the charging/dis-
charging of that electrical double layer. The time constant
τInter for this process can be estimated in the simplest possible
approach analogous to that for electrode polarization50 and
is related to the conductivity σ of the polymeric matrix.

Figure 14. Dielectric relaxation strengthΔεγ for the γ-relaxation vs 1/T
for the different nanocomposites: (0) 2.43 wt % LDH; (Δ) 4.72 wt %
LDH; (+) 6.89wt%LDH; (]) 8.94 wt%LDH; (r) 12.73wt%LDH;
(") 16.2 wt % LDH. The solid lines are guides for the eyes.

Figure 15. Dielectric relaxation strength Δεγ for the γ-relaxation vs
the concentration of LDH at TComp = 185.15 K. The line is a linear
regression to the data. The inset gives Δεγ versus χ = ΔHMelt/
ΔHMelt(cLDH = 0) (enthalpy values normalized to the content of the
polymer). The line is a guide for the eyes.

Figure 16. Dielectric loss ε0 0 versus frequency at T = 413.15 K for
different nanocomposites: (0) 2.43 wt % LDH; (Δ) 4.72 wt % LDH;
(]) 8.94 wt % LDH; (") 16.2 wt % LDH. The solid lines are fit of the
HN-function to the data including a conductivity contribution. The
dashed-dotted lines are the contributions of the interfacial process to
the dielectric loss.

Figure 17. Temperature dependence of the characteristic frequency
fInter of the interfacial process vs 1/T for different nanocomposites:
(0) 2.43 wt % LDH; (Δ) 4.72 wt % LDH; (r) 12.73 wt % LDH; (")
16.2wt%LDH.The solids lines are fits of theArrhenius equation to the
data. The inset gives the dependence of the characteristic rate of the
interfacial polarization versus concentration of LDH reduced by the
rate of the sample with 2.43 wt%LDHatTComp= 400K. This ratio is
proportional to ∼d/d(2.43 wt %). The solid line is a guide for the eyes.
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Considering the conductivity to be inversely proportional to
the mean distance σ ∼ σ0/d, one obtains

τInter ¼ CDL

σ
≈ εSε0

σ0

d

2LD
ð6Þ

εS is the permittivity and σ0 is the specific dc-conductivity of
thematrix. Assuming further that εS, σ0, andLDdepend only
weakly on the overall LDH concentration, the relative
change of the mean distance between the LDH sheets with
the concentration of the nanofiller can be estimated to be

τInter, 1
τInter, 2

¼ f Inter, 2
f Inter, 1

≈ d1
d2

ð7Þ

from the data shown in Figure 17. A similar approach was
discussed in12 for silicate layers dispersed in a modified
polypropylene matrix. The relative change in the distance
between the LDH sheets is calculated according to eq 7 and
plotted versus the concentration of LDH in the inset of
Figure 17. With increasing cLDH, the distance of the LDH
layers decreases. Therefore, an analysis of the Maxwell/
Wagner/Sillars polarization provides a handy tool for
a rough estimation of the degree of dispersion of the
nanoparticles in polymer based nanocomposites.12,19

The difference in the temperature dependences of the
characteristic frequencies of the interfacial process can be
understood as follows. The Maxwell/Wagner/Sillars polar-
ization is investigated in the molten state of polyethylene. In
that state the polymer chain have a high mobility and the
exfoliated LDH sheets are able to aggregate. Depending
on the temperature and the concentration of the nanofiller
this aggregation phenomena can be different which causes
the different temperature dependence of fInter.

Conclusion

Nanocomposites are prepared in a two-step procedure by melt
mixing of polyethylene and layered doubled hydroxides (LDH),
where maleic anhydride grafted polyethylene is used as compa-
tibilizer. LDH have been modified by sodium dodecylbenzene
sulfonate (SDBS) as a surfactant. Previous investigations show
that the synthesized nanocomposites have a predominantly
exfoliated morphology.21

The thermal properties of the nanocomposites are investigated
by differential scanning calorimetry. Both the melting and
crystallization enthalpies decrease with increasing concentration
of LDH. Reduced to the content of the polymer the phase
transition enthalpies ΔHNorm decreases linearly with the concen-
tration of the nanofiller. The extrapolation of ΔHNorm to zero
leads to a limiting concentration of ca. 50 wt % LDH, where the
crystallization should be completely suppressed by the presence
of the nanoparticles.

The dielectric loss of pure polyethylene is weak but several
relaxation processes can be indentified:32 a γ-process at low
temperatures which corresponds to localized fluctuations in the
amorphous parts of polyethylene and a β-relaxation which
corresponds to the dynamic glass transition due to cooperative
segmental fluctuations. At even higher temperatures, a further
process takes place which is related to molecular fluctuations in
the crystalline phase.

The intensity of the β-relaxation (dynamic glass transition)
increases strongly with increasing concentration of LDH for the
nanocomposites. This increase in the dielectric relaxation
strength of the dynamic glass transition is related to the increase
in the concentrationof the quite polar SDBSsurfactantmolecules
which increases with the concentration of LDH. The surfactants

are adsorbed onto the LDH layers and its alkyl tails form a
common phase with the polyethylene segments close the nano-
particles. Therefore a detailed investigation of the β-relaxation
provides information about the molecular mobility and structure
in the interface area between the LDH layers and the matrix
polymer. It was shown that the peak of the β-relaxation consist of
twoprocesses. These processes are assigend to regions of different
molecular mobility in different distances to the LDH nanofillers.
The temperature dependence of the relaxation rates of both
processes follows the Vogel-Fulcher-Tammann formula which
indicates glassy dynamics. The difference in the corresponding
glass temperaturesmeasured by the ideal glass transition orVogel
temperature T0 is about 30 K. The low frequency component of
the β-relaxation of the nanocomposites is assigned to polyethy-
lene segments in a close proximity of the LDH because the SDBS
molecules are strongly adsorbed at the surfaces of the nanofiller
and have therefore a strongly reduced molecular mobility. The
high frequency process of the β-relaxation is related to poly-
ethylene segments is in a farer distance form the LDH layers. The
highermolecularmobility is causedby a plasticizationof the alkyl
tail of the SDBS surfactants terminated with a methyl group.

The dielectric strength Δεβ of the β-relaxation increases with
increasing concentration of LDH. Up to ca. 8 wt % of LDH the
dependence of Δεβ on cLDH is linear as predicted by the Debye
formula. For higher concentration than 8 wt % Δεβ increases
much stronger than expected from the Debye theory of dielectric
relaxation. This is interpreted by increasing correlation of the
exfoliated LDH layers with increasing concentration of LDH.

The temperature dependence of the relaxation rates of the
γ-relaxation follows the Arrhenius equation with an activation
energy of around 40 kJ/mol independent of the concentration of
LDH. The relaxation strength of the γ-process increases with
the concentration of the nanofiller. Because the γ-relaxation
is related to localized fluctuation in the amorphous regions
of polyethylene, it is concluded that the content of the amorphous
phase increases with increasing concentration of LDH. This is
confirmedbya linear dependenceofΔεγon the roughly estimated
degree of crystallization.

For the nanocomposite systems a distinct high tempera-
ture process was observed which is due to Maxwell-Wagner-
Sillars-polarization because charge carriers can be blocked at the
exfoliated LDH layers. Corresponding time constants allow
a rough estimate of characteristic length scales in the nanocom-
posites and therefore also depend on the degree of dispersion of
the filler particles. This correlation may provide a possible route
for the development of testing or monitoring procedures in the
field of nanocomposite formation.
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(52) Kubies, D.; J�erôme, R.; Grandjean, J. Langmuir 2002, 18, 6159.
(53) Br�as, A. R.; Dionı́sio, M.; Sch€onhals, A. J. Phys. Chem. B 2008,

112, 8227.
(54) Lorthioir, C.; Lauprêtre, F.; Soulestin, J.; Lefebvre, J.-M. Macro-

molecules 2009, 42, 218.
(55) (a)Havriliak, S.;Negami, S.Polymer 1967, 8, 161. (b)Havriliak, S.;

Negami, S. J. Polym. Sci. C 1966, 16, 99.
(56) (a) Vogel, H. Phys. Z. 1921, 22, 645. (b) Fulcher, G. S. J. Am.

Ceram. Soc. 1925, 8, 339. (c) Tammann, G.; Hesse, W. Z. Anorg.
Allg. Chem. 1926, 156, 245.

(57) Alavarez, F.; Alegria, A.; Colmenero, J. Phys. Rev. B 1991, 73,
3348.

(58) Kremer, F.; Sch€onhals, A. The Scaling of the Dynamics of Glasses
and Supercooled Liquids Spectra. In Broadband Dielectric Spec-
troscopy; Kremer, F., Sch€onhals, A., Eds.; Springer: Berlin, 2002; p
99.

(59) Donth, E. J. Non-Cryst. Solids 1982, 53, 325.
(60) Hempel, E.; Hempel, G.; Hensel, A.; Schick, C.; Donth, E. J. Phys.

Chem. B 2000, 104, 2460.
(61) Sills, S.; Gray, T.; Overney, R. M. J. Chem. Phys. 2005, 123,

134902.
(62) Berthier, L.; Biroli, G.; Bouchaud, J. P.; Cipelletti, L.; ElMasri, D.;

L’Hote, D.; Ladieu, F.; Pierno, M. Science 2005, 310, 1797.
(63) Cangialosi, D.; Alegria, A.; Colmenero, J. Phys. Rev. E 2007, 76,

011514.
(64) Sch€onhals, A.; Kremer, F. Theory ofDielectric Relaxation Spectra

in Broadband Dielectric Spectroscopy. In Broadband Dielectric
Spectroscopy; Kremer, F., Sch€onhals, A., Eds.; Springer: Berlin,
2002; p 1.

(65) Kessairi, K.; Napolitano, S.; Capaccioli, S.; Rolla, R.;
W€ubbenhorst, M. Macromolecules 2007, 40, 1786.

(66) Alavarez, F.; Alegria, A.; Colmenero, J. Phys. Rev. B 1991, 73,
3348.


