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ABSTRACT: Melt state properties of nylon-11 and its exfoliated silicate nanocomposite were monitored
during extrusion compounding using an on-line dielectric slit die sensor, and solid-state properties were
probed off-line below the melting temperature by a dielectric spectrometer. A comprehensive relaxation
master map for nylon-11 and its exfoliated clay nanocomposite featuring six relaxation modes in both
melt and semicrystalline states revealed changes in molecular dynamics upon the addition of nanofillers.
R relaxation was observed in the neat resin as well as the composite, and a Maxwell-Wagner-Sillars
(MWS) relaxation was detected in the composite melt yet absent from the neat molten nylon. The MWS
relaxation mode, which exhibited a broader relaxation time distribution and a much greater dielectric
intensity compared to the R relaxation, resulted from polarization at the filler/polymer interfaces. MWS
can be used to distinguish the neat polymer from the composite during real-time processing. The presence
of exfoliated clay particles accelerated the R relaxation dynamics in the semicrystalline state as
delaminated silicate platelets diminished the intermolecular cooperativity of the amorphous chains.
Randomization of molecular dipoles upon increasing temperature was only observed in the neat nylon.
Hindered molecular dipole orientation due to the rigid silicate fillers in the nanocomposite was observed.

Introduction

As properties of polymer/clay nanocomposite materi-
als have been extensively explored during the past
decade, the dynamics and the segmental motion of
polymer chains in the confined clay galleries have
gained a growing interest.1-4 In this article, we report
on the application of a new dielectric slit die sensor used
to monitor dielectric properties of nylon-11/clay nano-
composite during extrusion from a twin-screw extruder.
Data obtained from the amorphous polymer melt using
the on-line dielectric sensor are compared with the data
acquired from the off-line dielectric measurements in
the solid semicrystalline state. How the incorporated
nanofillers impact the dielectric relaxation behavior and
how the intermolecular cooperativity and dipole orien-
tation of the polymer matrix change due to the presence
of delaminated silicate plates are explicitly discussed
in this work.

Dielectric relaxation spectroscopy (DRS) is a powerful
technique for obtaining molecular dipolar relaxation as
a function of temperature and frequency, from which
effects due to intermolecular cooperative motion and
hindered dipolar rotation can be elucidated. Dielectric
relaxations arise when polar segments of the polymer
chains are rotated by the application of an alternating
electric field. Published experimental studies of dielec-
tric relaxations in semicrystalline polymers disclosed
hindered motion in the presence of densely packed
crystalline domain.5-9 The exfoliated or intercalated
silicate plates present in the polymer nanocomposites,
which serve to segregate the amorphous chains, are
analogous to crystallites in the semicrystalline poly-
mers. Thus, hindered dipole rotation is expected to occur
in nanocomposite sample, a phenomenon that we study
using DRS.

For R relaxation, which is associated with the glass
transition, it is a process in which a number of amor-
phous chains relax simultaneously in a cooperative
motion. Ideally, the free volume of the polymeric mate-
rial can expand at high enough temperature to allow
most macromolecules to relax individually.10 On the
basis of this argument, much faster chain dynamics
should be observed in the melt state compared to the
solid semicrystalline state. Nonetheless, polymer mol-
ecules relax in a cooperative manner at the tempera-
tures above the glass transition according to the concept
proposed by Ngai11-18 and others.19-24 Such cooperative
chain motion is manifested in the melt where complica-
tions due to the crystalline state do not obscure the
nature of the dynamics. The concept of intermolecular
cooperativity, which is expected to change upon the
incorporation of rigid silicate particles, is used in this
article to interpret our observations of polymer segmen-
tal dynamics.

Previously published studies of nylon-11 and its
composites25-32 serve as a guide for the interpretation
of our dielectric observations. On the basis of the cited
literature, the following terminologies are adopted: R,
amorphous phase relaxation is a macromolecular seg-
mental motion and is associated with the onset of the
glass transition;33-38 Rw, relaxation associated with the
movement of extended CH2 sequences on the backbone
with involvement of an amide group which can be
facilitated by the presence of water and small plasticiz-
ing molecules;35,38,39 â, relaxation associated with local-
ized motion involving several monomer units, but
influenced by hydrogen-bonded amide groups in the
presence of water;35,37-42 γ, relaxation associated with
the dynamics of single monomer units;35,37,39,40 δ, relax-
ation associated with the dynamics of single monomer
units;35,37,39,40 MWS, Maxwell-Wagner-Sillars relax-
ation associated with ionic conduction and interfacial
polarization occurring between components in the resin* Corresponding author. E-mail: Anthony.Bur@nist.gov.
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composite having different permittivities;39,43-45 Tg,
glass transition temperature of the amorphous phase,
Tg ) 63 °C (at 3 °C/min by DMA)31 or Tg ) 40 °C (at 5
°C/min by DSC)46 for neat nylon-11.

Experimental Section
1. Sample Preparation. Nylon-11 (Rilsan BESNO) was

obtained from Atofina and has a melting temperature of Tm )
185 °C. Organically modified clay, Cloisite 30B, was obtained
from Southern Clay products and was used as received.
Cloisite 30B is produced by ion exchange of natural clay with
a methyl, tallow (65% of C18, 30% of C16, and 5% of C14),
bis(2-hydroxyethyl), quaternary ammonium ion. Prior to ex-
trusion compounding, the resin and clay powders were dried
for 12 h at 80 °C. To prepare 4% mass fraction of clay in the
resin, 200 g batches of dry nylon pellets and silicate powders
were hand-mixed in a beaker and transferred to a twin-screw
extruder feeder. An 18 mm Haake Rheocord model 9000 twin-
screw extruder operating at 30 rpm was used. The processing
temperature for nylon-11 and its composite was 195 °C. The
30B clay formed a partially exfoliated microstructure with
nylon-11 according to the transmission electronic microscopy
(TEM) pictures displayed in Figure 1A,B.

2. Instrumentation. The on-line dielectric measurement
sensor was recently developed to study dielectric properties
of polymer composites in the melt phase.47 The dielectric cell
consists of a flow-through slit, interdigitating electrodes, and
standard 12.7 mm (0.5 in.) instrument ports. The cell has a
stainless steel housing consisting of top and bottom halves.
An alumina ceramic block with interdigitating platinum
electrodes that have been fired into the ceramic is placed into
the bottom half of the stainless steel housing. A temperature-
controlled heating jacket is clamped around the unit. In
operation, the dielectric cell is fastened onto the end of the
extruder monitoring the resin during flow through the slit.
When a voltage (1 Vrms) is applied to the interdigitating
electrodes, an electric field extends into the molten resin
flowing through the slit channel. By measuring the in-phase
and out-of-phase components of the current flowing through
the resin, the complex relative permittivity, ε* ) ε′ - iε′′, is
measured. The relative standard uncertainty for on-line ε′ and
ε′′ measurements is 1%. The standard uncertainty of the
temperature, which is regulated by the wrap around heating
jacket, is 1 °C.

The dielectric cell is connected to a computer-controlled lock-
in amplifier (Stanford Research model SR810), which, in
conjunction with instrument software, operates as a dielectric
spectrometer (“Chemical ElectroPhysics Proceptor”) and yields
relative permittivity at 14 discrete frequencies from 50 to 105

Hz. More details regarding the interdigitating electrode mea-
suring technique and the dielectric slit die design can be found
elsewhere.47-50

For off-line dielectric measurements of the solid material,
the compounded resin extrudate was melt pressed into thin
sheets with 0.3-0.8 mm thickness. Aluminum electrodes, 2.54
cm in diameter, were evaporated under vacuum on both sides,
followed by storage in an evacuated desiccator. Sample thick-
ness and electrode area were used to calculate the sample
vacuum capacitance, C0. The off-line measurements in the solid
state were carried out over a temperature range of -150 to
160 °C. The dielectric sample chamber is a cryostat whose
temperature is controlled by the Quatro Cryosystem (Novo-
control) with a resolution of 0.01 °C and stabilization within
(0.05 °C. The sample is fastened between electrical contacts
and kept under dry nitrogen gas atmosphere during the
measurement. Measurements were performed isothermally in
5 °C increments and 0.2 logarithmic steps in frequency.
Dielectric measurements were obtained from 20 Hz to 1 MHz
using a precision LCR meter (HP 4284A) at a 1 Vrms potential.
Data collection was performed in the frequency domain with
Novocontrol’s WINDETA software after calibrating for open
and short connections and correcting for cable impedance. The
relative standard uncertainty of ε′ and ε′′ from off-line mea-
surements is 0.5%.

Morphological characterization of the composites was car-
ried out by transmission electronic microscopy (TEM). TEM
specimens were cut from extruded samples using a Leica cryo-
ultramicrotome, equipped with a diamond knife. Sectioning
was performed at -80 °C. Sections were collected from the
knife edge and placed onto 400 mesh copper-rhodium grids.
TEM micrographs were taken with a Philips EM400C at an
accelerating voltage of 120 kV.

3. Data Analysis. Polymers contain conducting ions that
contribute to both dc conductivity and electrode polarization
effects.47,51 The large increases at low frequencies in both the
ε′ and ε′′, observed in most polymers at high temperature, are
evidences of these two effects and must be corrected for in
order to quantify the material dielectric properties. This is
accomplished by modeling the electrode as a capacitance/
resistance admittance that is in series with the sample and
dc conductivity as a resistance in parallel with the sample.47

The situation can be described as an electrode admittance Yel

in series with the sample admittance Ys.51 These admittances
add to yield the apparent admittance Yapp

where Gapp and Capp are the apparent conductance and
capacitance and

where the subscripts s and el refer to the sample and electrode,
respectively. The dielectric properties of the sample are
obtained from eq 2 as

where C0 is the vacuum capacitance of the sample. In practice,
values of the ε′s and ε′′s are extracted from Yapp by a fitting
procedure described as follows.

It is known that the frequency dependence of dielectric
relaxations can be described by the Havriliak-Negami (HN)
function, which reduces to the Cole-Cole equation for sym-
metric distributions of relaxation times.52,53 To analyze the
data, a dc conductivity term, proportional to the reciprocal of
frequency, was added to a sum of Havriliak-Negami relax-
ations given as

where σdc is the dc conductivity, (∆ε)j is the strength of the jth
dielectric relaxation, δj and âj are the jth relaxation time
distribution parameters, ε0 is the permittivity of free space
(8.854 pF/m), τj is the characteristic relaxation time of the jth
relaxation, and ε∞ is the high-frequency relative permittivity.
When â ) 1, eq 6 becomes the Cole-Cole equation that
describes relaxation with a symmetric distribution of relax-
ation times. For amorphous polymers, a nonsymmetric distri-
bution of relaxation times is expected for the R relaxation
associated with macromolecular segmental motion at temper-
atures immediately above the glass transition, but for semi-
crystalline polymers, published data by Boyd,54-56 Laredo,35

and others57-59 show that symmetrical distributions are ob-
served for the relaxation processes. Our initial approach to
the analysis was to test for nonsymmetry using the HN
equation. We found universally that, in agreement with Boyd
and Laredo, the HN parameter â ) 1; i.e., the Cole-Cole

Yapp ) Gapp + iωCapp )
YelYS

Ye + YS
(1)

YS ) GS + iωCS (2)

Yel ) Gel + iωCel (3)

ε′s )
Cs

C0
(4)

ε′′s )
Gs

ωC0
(5)

ε* ) ε′ - iε′′ ) -
iσdc

ωε0
+ ε∞ +

(∆ε)j

[1 + (iωτj)
1-δj]âj

(6)
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equation is a suitable descriptor of relaxations in nylon-11 and
its clay composites.

To analyze the data, the real and imaginary parts of eq 6
are substituted into eq 1 using the definition in eqs 4 and 5.
A global fitting procedure consisting of a least-squares non-
linear fit to the frequency-dependent data was carried out
using σdc, (∆ε)j, τj, δj, ε∞, and Yel as fitting parameters. Because
the curve-fitting protocol involved the simultaneous fitting to
both the real and imaginary parts of the measured dielectric
properties and because the initial fitting parameters were
determine by isochronal plots such as Figure 4 (presented
below) and by published data of others, we were able to
minimize fitting errors and avoid fitting artifacts. For on-line
measurements, a fit to the data was considered successful if
each calculated value was within 1% of the measurement, i.e.,
within the nominal experimental uncertainty of the observa-
tions, and for off-line measurements the fit criterion was 0.5%.
For off-line measurements, we found that average curve-fitting
errors calculated for each frequency scan were between 0.1%
and 0.4%, and for on-line measurements they were between
0.3% and 0.8%. Relaxations with characteristic frequencies
that were outside the experimental range were included in the
curve-fitting process if their characteristic frequency was
within 2 decades of the experimental frequency limit. For the
off-line measurements, outlying relaxations were easily identi-
fied by extrapolation of the log frequency vs reciprocal tem-
perature plot.

Results and Discussion

1. Measured Dielectric Data. Off-line dielectric
measurements on the semicrystalline nylon-11 and
nylon-11/30B composite extending over a temperature
range from -150 to 120 °C and over frequency from 20
to 106 Hz are shown in Figures 2 and 3. The data are
divided into low- and high-temperature plots for which
several relaxation processes are visible. For tempera-
tures above 90 °C, dc conductivity dominates the
dielectric loss ε′′, and at temperature above 140 °C,
electrode polarization effects are seen in ε′. Low-
frequency dispersions are not visible in the raw data at
high temperatures, but by subtracting out dc conductiv-
ity and by carrying out curve-fitting analysis, we are
able to extract the R relaxation associated with seg-
mental motion of the polymer and a Maxwell-Wagner
dispersion associated with polarization of contrasting
dielectric interfaces such as resin and clay or crystal
and amorphous regions. Dielectric data for the nylon-
11/30B composite were obtained over the same temper-
ature and frequency range but are not shown because
they are similar to that of the neat polymer, except that
the relaxations are shifted on the temperature and
frequency scale as is described below.

Before we carried out extensive data analysis and
nonlinear curve fitting, we used the measured dielectric
loss (ε′′meas) to establish the number of relaxation
maxima and their approximate characteristic frequency.
ε′′meas vs temperature curves at 300 Hz for the neat
nylon-11 and its clay composite are plotted in Figure 4.
The measured data clearly show the existence of five
relaxations that we designate as R, Rw, â, γ, and δ
relaxations. The dc conductivity, retrieved from the
fitting procedure described above, is subtracted from the
raw data, resulting in the two curves that have a
maximum labeled R. The estimated peak temperatures
for each relaxation process acquired from these dielec-
tric off-line measurements in conjunction with published
data for nylon-11 are used as initial values for the
nonlinear curve fitting. With the aid of Cole-Cole
equation, the overlapping relaxations such as Rw, â, and
γ modes illustrated in Figure 4 can be characterized in

terms of their relaxation parameters. A Maxwell-
Wagner-Sillars (MWS) relaxation, which is known to
be present in semicrystalline nylons,35,36 has its maxi-
mum slightly below the lowest frequency of our mea-
surements (20 Hz), but it is a large dispersion and its
high-frequency tail extends well into the measurement
region, so that the curve-fitting routine (described
below) must take it into account.

2. Electric Modulus. The dc conductivity that was
observed in the high-temperature data of Figures 3 and
4 is associated with the transport of free ions through
the softened polymer matrix under the action of an
electric field. By using the electric modulus formalism60

for the treatment of raw dielectric data, the contribution
of electrode screening and conductivity effects in the
low-frequency tail can be minimized.61 To better identify
the high-temperature relaxation process, the electric
moduli (M′′) at various temperatures are computed by
dividing the raw dielectric loss data, ε′′, by ε′′2+ ε′2 and
are plotted against temperature, as shown in Figure 5A.
The M′′ peaks, detected within the experimental fre-
quency window, denote an R relaxation process which
is associated with the glass-rubber transition of the
nylon-11 matrix.

Figure 1. TEM pictures of 4% 30B clay/nylon-11 nanocom-
posite feature a partial exfoliated microstructure with the
presence of larger tactoids.
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The relaxation frequencies obtained from the maxima
of M′′ in Figure 5A are plotted against reciprocal
temperature as seen in Figure 5B. Clay-filled nylon-11
yields a higher R relaxation frequency compared to the
neat resin for the entire temperature range studied. Flat
silicate platelets divide the bulk polymer chains into
smaller domains, thus reducing the intermolecular
cooperativity between polymer chains and accelerating
the R dynamics. This reduced cooperative motion in the
composite system manifests upon decreasing tempera-
ture toward the glass transition as indicated by the
difference in relaxation times (τneat - τ30B), also shown
in Figure 5B. It is well documented that the size of
cooperative domain increases with decreasing
temperature.62-64 Thus, a greater number of molecules

in the neat system are able to relax simultaneously in
a cooperative motion at lower temperatures approaching
the glassy state. It is proposed that the cooperative

Figure 2. (A) ε′ vs log f between -150 and 35 °C. (B) ε′′ vs
log f between -150 and 35 °C for neat nylon-11. The data were
obtained at 5 °C intervals.

Figure 3. (A) ε′ vs log f between 40 and 145 °C. (B) ε′′ vs log
f between 40 and 145 °C for neat nylon-11. The data were
obtained at 5 °C intervals. Electrode polarization effects are
expressed in the ε′ data for temperatures above 140 °C. The
R, Rw, and â relaxations are seen in these data. Large dc
conductivity obscures the R relaxation in the ε′′ plot.

Figure 4. Dielectric loss (ε′′) measured at frequency of 300
Hz is plotted against temperature for the neat nylon-11 (solid
lines) and its 30B nanocomposite (short dashed curve). The
long dashed curves denote the raw data for which the dc
conductivity has been subtracted.

Figure 5. (A) Electric loss modulus (M′′) is plotted against
frequency in the semilogarithmic scale at three temperatures
for the neat nylon-11 (solid lines) and for its 30B composite
(dashed lines). (B) Peak frequencies of R relaxation determined
from M′′ are plotted against reciprocal temperature, and the
difference in relaxation time scale between the neat nylon-11
and its composite is also included.
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domain size in the nanocomposite compared to that in
the neat resin did not enlarge much as temperature
decreases because some of the polymer chains are
segregated between silicate plates. In other words, the
sizes of the cooperative domains in the exfoliated 30B/
nylon are defined by the space between rigid silicate
walls.

3. Melt State Properties. Curve fittings to the
dielectric data of the melt state for both neat resin and
its composite are shown in Figures 6 and 7. The
relaxations retrieved from the fit are shown in Figure
8, and the fitting parameters are summarized in Table
1. The only relaxation detected in the molten nylon-11
is associated with the R relaxation. The incorporation
of filler does not alter the R dynamics in the melt state
as identical characteristic frequencies and similar re-
laxation time distributions are calculated for the com-
posite and the neat sample. The only variation found
in R relaxation is a higher dielectric intensity (∆εR) in
the composite compared to the neat nylon, which is
attributed to the extra molecular dipoles formed by the
hydrogen bonds between the polar surfactants in 30B
clay and the amide groups from the nylon matrix. In
addition to the R relaxation, a Maxwell-Wagner-
Sillars interfacial polarization43-45 is observed in the
composite, which occurred due to the charge accumula-
tion at the resin/filler interface. MWS dispersion can
be distinguished from the R relaxation by its larger
intensity (∆εMWS) and a much broader relaxation time
distribution (δMWS). The magnitude of the MWS relax-
ation derived from the conducting ions is much greater
than that for the R relaxation in the neat nylon-11
produced by orientation of the molecular dipoles.

4. The Log Frequency vs Reciprocal Tempera-
ture Relaxation Map. Examples of curve fitting to the

off-line data at 130 and 70 °C for both neat and
composite materials are shown in Figures 9-12. Of the
four examples shown, the highest average error between
the fit and the measurement is 0.31%. The quality of
the curve fitting underscores the precision with which
we were able to extract the relaxation parameters from
these data. A prominent difference between the two
temperatures is the large electrode polarization that is
observed in the ε′ data for the composite at 130 °C,
whereas electrode polarization is absent from the data
at 70 °C, a temperature close to Tg. The relaxation
frequencies retrieved by the fitting procedure from both
off-line and on-line measurements are plotted against
reciprocal temperature for the neat nylon and its
composite in Figure 13A,B. Six relaxation modes are
assigned, five of which are seen in the raw data of
Figure 4. The sixth relaxation is the MWS interfacial
polarization, which is absent from the 300 Hz data of

Figure 6. (A) Log ε′ vs log f and (B) log ε′′ vs log f are plotted
for neat nylon-11 during extrusion at 195 °C. Points are
measured data. Solid lines are curve fits to the data. The
dashed curve of (A) is ε′ of the material obtained upon
correcting the data for electrode polarization, and the dashed
curve of (B) is ε′′ of the material that was obtained from the
curve fitting where ε′′s is the dielectric loss after subtraction of
the dc conductivity. One relaxation with characteristic fre-
quency log f ) 2.50 was obtained from the fit. The average
curve fitting error for these data is 0.30%.

Figure 7. (A) Log ε′ vs log f and (B) log ε′′ vs log f are plotted
for nylon-11/30B composite during extrusion at 195 °C. Points
are measured data. Solid lines are curve fits to the data. The
dashed curve of (A) is ε′ of the material obtained upon
correcting the data for electrode polarization, and the dashed
curve of (B) is ε′′s, the dielectric loss of the material obtained
from curve fitting and subtraction of the dc conductivity. Two
relaxations with characteristic frequencies of log f ) 0.70 and
log f ) 2.50 were obtained from the fit. The average curve
fitting error for these data (ε′ and ε′′) is 0.31%.

Figure 8. MWS and R relaxations retrieved from dielectric
loss data (ε′′) in the melt state at 195 °C are plotted against
log frequency for the neat nylon-11 (solid line) and its 30B
composite (dashed line).
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Figure 4 because it occurs at a much lower frequency.
Relaxation frequencies increase with rising temperature
for all the relaxation modes, except for MWS, as thermal
energy in conjunction with a lower viscosity at the
elevated temperature assist the molecular dipoles to
follow the alternating electric field. Not much difference
between the neat polymer and the composite is observed
in the secondary or low-temperature relaxation process
(â, γ, and δ); thus, we will focus our discussion on the
primary R relaxation and the MWS interfacial polariza-
tion throughout this study.

Strikingly, slower R chain dynamics were detected in
the melt state compared to the solid semicrystalline
state of nylon-11 and its composite system. This is
because the densely packed crystalline domains in the
solid nylon matrix, between which amorphous chains
are segregated, diminish the intermolecular cooperat-
ivity of the macromolecules. Thus, a much higher R
relaxation frequency of the semicrystalline state over

the melt state is observed. This observation is in
agreement with observations by Laredo, who observed
that the glass transition in polycarbonate decreased
with increasing crystallinity,65 but is contrary to what
has been observed in poly(ethylene terephthalate)
(PET),56,66 poly(aryl ether ketone ketone) (PAEK),5 and

Table 1. Summary of On-line Curve-Fitting Including
Frequency, Dielectric Strength, Relaxation Time

Distribution, and dc Conductivitya

nylon-11 neat 30B

structure exfoliated
log fR (Hz) at 195 °C 2.49 ( 0.04 2.49 ( 0.07
log fMWS (Hz) at 195 °C 0.65 ( 0.07
∆εR 1143 ( 40 2052 ( 900
∆εMWS 3348 ( 900
δR 0.077 ( 0.01 0.074 ( 0.02
δMWS 0.51 ( 0.02
σdc × 103 (S/m) 0.90 ( 0.02 1.11 ( 0.01
Tg (°C)b 56 29
Tg (°C)c 68 53
Tg (°C)d 90 66
a The dc conductivity and the R and Rw relaxation frequencies

are fitted by using the VTF equation72-74 fitting, and the Tg was
then estimated from Tv, which is one of the fitting parameters.
b Tg estimated from dc conductivity. c Tg estimated from R relax-
ation. d Tg estimated from Rw relaxation.

Figure 9. (A) Log ε′ vs log f and (B) log ε′′ vs log f are plotted
for neat nylon-11 at 130 °C. Points are measured data. Solid
line is the curve fit to the data. The dashed curve is ε′′s of the
material that was obtained from curve fitting where ε′′s is the
dielectric loss after subtraction of the dc conductivity. Three
relaxations with characteristic frequencies at log f ) 1.00, log
f ) 2.69, and log f ) 7.05 were obtained from the fit. The
average curve fitting error for these data (ε′ and ε′′) is 0.14%.

Figure 10. (A) Log ε′ vs log f and (B) log ε′′ vs log f are plotted
for neat nylon-11 at 70 °C. Points are measured data. Solid
line (obscured by data points) is the curve fit to the data. The
dashed curve is ε′′s of the material that was obtained from
curve fitting where ε′′s is the dielectric loss after subtraction of
the dc conductivity. Three relaxations with characteristic
frequencies at log f ) -0.45, log f ) 2.82, and log f ) 4.50
were obtained from the fit. The average curve-fitting error for
these data (ε′ and ε′′) is 0.18%.

Figure 11. (A) Log ε′ vs log f and (B) log ε′′ vs log f are plotted
for nylon-11/30B composite at 130 °C. Points are measured
data. Solid line (obscured by data points) is the curve fit to
the data. The dashed curve of (A) is ε′ of the material after
correction for electrode polarization. The dashed curve of (B)
is ε′′s, the dielectric loss of the material that was obtained from
curve fitting and subtraction of the dc conductivity. Three
relaxations with characteristic frequencies at log f ) 2.34, log
f ) 3.215, and log f ) 7.125 were obtained from the fit. The
average curve-fitting error for these data (ε′ and ε′′) is 0.11%.
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poly(L-lactide).67 The impact on R dynamics due to
crystallization can involve several phenomena: dimin-
ished intermolecular cooperativity, hindered rotational
motion at the amorphous/crystal interface, and confine-
ment of amorphous molecules to regions smaller than
the correlation length describing R dynamics.68,69 Di-
minished intermolecular cooperativity and confinement
of molecules will increase the characteristic frequencies
of R dynamics, whereas hindered motion will have the
opposite effect tending to decrease the characteristic
frequencies of R dynamics. The changes in relaxation
dynamics for nylon-11 upon crystallization indicate that
diminished intermolecular cooperativity and/or the
confinement of amorphous molecules are dominant. This
interpretation is supported by Boyd and Yemni, who
found that the intermolecular dipole-dipole correlation
factor in nylon-6-10 was significantly higher for the
amorphous melt than for the amorphous phase of the
semicrystalline state.70 For PET, PAEK, and poly L-
lactide, hindered motion of the amorphous component
by microcrystals slows the R dynamics and raises Tg,
but for the nylons where hydrogen bonding plays a
prominent role in molecular dynamics, diminished inter-
molecular cooperativity that accompanies a change in
hydrogen bonding dominate effects due to crystalliza-
tion.

5. Solid-State PropertiessImpact of Filler on R
and MWS Relaxations. Three relaxation modes, MWS,
R, and Rw, were retrieved from the dielectric raw data
in the solid semicrystalline state at 130 °C, as illustrated
in Figure 13A,B. The curve-fitted dielectric loss (ε′′) at
130 °C is depicted as a function of log frequency for both
neat nylon and its composite in Figure 14A. No distin-
guishable differences can be found between the neat
nylon and the composite for Rw relaxation; thus, only
MWS and R are shown in the plot. Three interesting
features are worth mentioning. First, the relaxation
time distribution for the MWS interfacial polarization
is broader than that for the R relaxations for both

systems. It is the heterogeneous geometry of the polymer/
filler interfaces that is responsible for a range of
different relaxation times. Second, a much higher
dielectric intensity for MWS than that for the R relax-
ations is due to the distinct nature of these two
relaxation modes. Much higher dielectric magnitude for
MWS is produced upon polarization of ions piled up at
the polymer/filler interfaces compared to the R dielectric
intensity that arises from the alignments of molecular
dipoles. Third, 30B nanocomposite exhibits much faster
R relaxation dynamics with a narrower relaxation time
distribution than the neat nylon-11. Again, it is the
presence of delaminated silicates that segregate the
bulk amorphous chains into smaller domains and hence
diminish the intermolecular cooperativity.

Total relaxation strength, summed from three relax-
ation modes (R, Rw, and â), is plotted against reciprocal
temperature in Figure 14B. In the temperature range
between 130 and 160 °C, which is much greater than
Tg and is below the melting temperature of nylon-11
(185 °C), the neat polymer behaves as a partially
softened amorphous medium. Molecular dipoles can
undergo free rotation; thus, thermal energy serves to
randomize the dipole alignments. The positive slope
derived from the relationship between the total dielec-
tric strength and the reciprocal temperature in the neat
nylon is indicative of this randomization of dipole
moments due to thermal energy. In other words, the
total dielectric intensity is proportional to 1/kT. How-
ever, the clay-filled nanocomposite system is highly

Figure 12. (A) Log ε′ vs log f and (B) log ε′′ vs log f are plotted
for nylon-11/30B composite at 70 °C. Points are measured data.
Solid line (obscured by data points) is the curve fit to the data.
The dashed curve is ε′′s, the dielectric loss of the material that
was obtained from curve fitting and subtraction of the dc
conductivity. Three relaxations with characteristic frequencies
at log f ) 0.59, log f ) 3.51, and log f ) 4.69 were obtained
from the fit. The average curve-fitting error for these data
(ε′ and ε′′) is 0.18%.

Figure 13. Arrhenius plot of (A) nylon-11 and (B) its 30B
composite. Characteristic relaxation frequency is plotted against
the reciprocal temperature in a semilogarithmic format.
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heterogeneous compared to the neat nylon due to the
presence of the rigid silicates. The temperature has an
opposite effect on the total dielectric strength of the
nanocomposite system compared to the neat nylon-11
as the negative slope is seen in the plot. Thermal energy
facilitates the orientation of the molecular dipoles in the
composite medium where hindered dipole rotation
occurs.5-9 The higher the temperature, the easier it is
to rotate and align the molecular dipoles that are
hindered by the presence of rigid silicate platelets.

6. Solid-State PropertiessImpact of Filler on R
and Rw Relaxations. Three relaxation modes are
retrieved from the dielectric raw data at 70 °C, which
include R, Rw, and â relaxations. Only R and Rw are
displayed in Figure 15, as the local â relaxation in the
exfoliated nanocomposite yielded no difference from the
neat resin at 70 °C. Data obtained at 70 °C are in
contrast to the observation at 130 °C where Rw relax-
ation parameters were identical for both neat and the
composite. The impact of exfoliated filler on R and Rw
dynamics at 70 °C is evident in both characteristic
frequencies and relaxation time distribution. 30B nano-
composite exhibited a greater relaxation frequency with
a narrower relaxation time distribution than the neat
nylon-11 for both glass transition-related relaxations (R
and Rw). As we stated above, the diminished inter-
molecular cooperativity in the nanocomposite allows the
polymer chains to relax with a shorter time scale.

It is worth pointing out that the relaxation time
distribution for the Rw is much broader than that for
the R relaxations for both systems. This is a direct result
of heterogeneity in Rw activated by the plasticized
amorphous chains in the solid state.39 Attention should
also be drawn to the effect of temperature on the
relaxation time distribution for both systems, which are
broader at 70 °C (δR ) 0.36 for nylon-11) than at 130
°C (δR ) 0.28 for nylon-11). Upon approaching the glass
transition temperature of the polymer matrix, a broad-
ened distribution of relaxation times is expected. The
coexistence of the nearly glassy and soften amorphous
domains near Tg is responsible for the observed broad-
ened relaxation time distribution at 70 °C.71

7. DC Conductivity. The dc conductivities for the
neat nylon-11 and its composite are plotted against
reciprocal temperature in Figure 16. The composite
sample exhibits greater dc conductivity than the neat
polymer, which is due to the presence of additional ions
from the clay. The solid line in Figure 16 is the result
of fitting the data with the VFT equation72-74

where A, B, and Tv are fitting parameters. A greater Tv

Figure 14. (A) MWS and R relaxation retrieved from dielec-
tric loss data in the semicrystalline state at 130 °C are plotted
against log frequency for the neat nylon-11 (solid line) and its
30B composite (dashed line). (Β) Total dielectric relaxation
strength, ∆ε(R + Rw + â), summed from three relaxation modes
(R, Rw, and â) is plotted against the reciprocal temperature
for nylon-11 (open circles) and its 30B composite (filled circles).

Figure 15. RW and R relaxations retrieved from dielectric loss
data in the semicrystalline state at 70 °C are plotted against
log frequency for the neat nylon-11 (solid lines) and its 30B
composite (dashed lines).

Figure 16. Dc conductivity is plotted against reciprocal
temperature for nylon-11 (open circle) and its clay-filled
composite (closed circle). The solid and the dashed lines are
the Vogel-Tamman-Fulcher (VTF) fits to the nylon-11 and
its composite data, respectively.

f ) A exp( B
T - Tv

) (7)
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retrieved from VFT fitting for the neat polymer implied
a higher glass transition temperature (Tg ≈ 1.33Tv)75

in the neat nylon-11 than in the composite. The Tg
reduction in clay-filled nylon-11 nanocomposites has
been reported in the literature where a 5 deg decrease
in Tg was observed in nylon-11 containing 4% clay
filler.31

Conclusions

The on-line dielectric sensor enables us to gain
insights into how the relaxation dynamics of molten
nylon-11 are altered upon the addition of exfoliated
silicate filler. The present work reveals striking differ-
ences between the melt and the semicrystalline state
properties. Five prominent features, which differentiate
the clay-filled system from the neat nylon, are disclosed
in our study. First, the higher characteristic frequency
and a narrower relaxation time distribution for the R
relaxation in the composite over the neat resin are due
to diminished intermolecular cooperativity of the amor-
phous chains segregated by silicate particles. Second,
higher relaxation strength for the R relaxation observed
in the composite is attributed to the extra molecular
dipoles formed through the hydrogen bonds between the
polar surfactants and the amide groups. Third, higher
dc conductivity in the nanocomposite compared to the
neat resin is a direct result of incorporated ionic
surfactants in the filler. Fourth, only one relaxation (R)
can be identified in the molten nylon-11, yet two
relaxation modes (R and MWS) are retrieved from the
composite melt. MWS is an interfacial polarization,
associated with the polymer/filler interfaces, and pos-
sesses a significantly greater dielectric magnitude with
a much broader relaxation time distribution compared
to the R relaxation which derives from the reorientation
of molecular dipoles. Finally, randomization of molec-
ular dipoles upon increasing temperature is observed
in the neat nylon yet absent from the composite, which
suggests a hindered dipole rotation in the semicrystal-
line state above Tg due to the presence of rigid fillers.
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