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Dielectric Studies of Segmental Dynamics in
Epoxy Nanocomposites

P. PISSIS AND D. FRAGIADAKIS

Department of Physics, National Technical University of Athens, Athens, Greece

Dielectric techniques were employed, along with differential scanning calorimetry
(DSC), to investigate segmental dynamics associated with the glass transition in
epoxy nanocomposites. Two epoxy network matrices were used, the first based on
diglycidyl ether of Bisphenol A (DGEBA) and diethylenetriamine, and the second on
DGEBA and poly(oxypropylene)diamine (Jeffamine D2000). In the first matrix, the
inclusions were organically modified clays, diamond particles with a diameter of
about 6 nm, and conductive carbon nanoparticles with a diameter of about 10 nm,
whereas in the second, polyhedral oligomeric silsesquioxanes (POSS) were covalently
attached to the chains as dangling blocks. In the nanocomposites of the first matrix,
glassy at room temperature, segmental dynamics becomes slower and the glass tran-
sition temperature increases on addition of the filler. In the epoxy/POSS nano-
composites, rubbery at room temperature, dynamics is described by a two-phase
(layer) model: a fraction of the polymer is immobilized, obviously at interfaces with
POSS, whereas the rest is slightly plasticized, compared to the pure matrix.

Keywords epoxy networks, segmental dynamics, glass transition, dielectric spectro-
scopy, relaxation time, relaxation strength

Introduction

In recent years, organic-inorganic polymer nanocomposites have generated a lot of

interest. They may exhibit significant improvement of various properties of the polymer

matrix, in particular mechanical properties, thermal stability, and barrier properties, at

much lower filler fractions than conventional macroscale or microscale composites.[1 – 3]

Thermoplastic, thermosetting (including epoxy networks), and rubber matrices are used,

depending on the application envisaged, whereas nanofillers are often classified in

terms of dimensionality: one-dimensional, such as carbon nanotubes, two-dimensional,

such as layered silicates (clays), and three-dimensional, such as silica particles.

Molecular dynamics studies in polymer nanocomposites, in particular studies of

segmental dynamics and the related glass transition, are interesting from both the funda-

mental and technological point of view. From the fundamental point of view it is challen-

ging to investigate how chain mobility, relaxation, and thermal transitions, in particular

the glass transition of the polymer matrix, are modified by the presence of and interactions
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with the inorganic, typically rigid, fillers. At the same time, modification of chain

dynamics by the nanoparticles is at the origin of improvement of several properties

which synthesis of polymer nanocomposites aims at, such as thermal stability, mechanical

properties, and barrier properties.

Our knowledge of chain dynamics in polymer nanocomposites and, at the same time,

our approach to the topic are based on three sources of information: computer simulations,

where we typically study how molecular dynamics in a system changes as a function of the

distance from a surface;[4,5] measurements in glass forming liquids and polymers confined

in model geometries, such as porous glasses and thin films, where we may study effects of

interfaces;[6,7] measurements in real polymer nanocomposites, often by combining a

variety of experimental techniques.[1 – 3] Results in real nanocomposites look, at first

glance, controversial and confusing: dynamics (often quantified in terms of glass transition

temperature) may become faster or slower or show no change, it may be homogeneous or

heterogeneous, and so on.[8] We may bring some order into these results and explain many

of them by considering two contradictory effects of nanoparticles on chain dynamics:[9]

dynamics may become slower, in particular close to interfaces, due to constraints

imposed to the motion of the chains by the rigid nanoparticles, this effect being more pro-

nounced in the case of covalent bonds between the two components (hybrid organic–

inorganic nanocomposites); at the same time, dynamics may become faster as a result of

increase of free volume due to loosened molecular packing of the chains (plasticization).

Results may become more complex in thermoset nanocomposites, including epoxy

network nanocomposites, as compared to nanocomposites based on thermoplastic and

rubber matrices. The reason for this is that curing reactions and crosslinking density

may be modified by the presence of the nanofillers or the matrix may be plasticized by

smaller molecules present in the network.[10,11] This “secondary” effect should be distin-

guished from the “primary” one of direct influence of the nanofillers on chain dynamics.

Results obtained with epoxy layered silicate nanocomposites have recently been

reviewed.[10] Both, a constant or increased glass transition temperature Tg and a reduction

of Tg with increasing organoclay addition have been reported. Sun et al.[12] studied several

epoxy nanocomposites with various inclusions (silica, silver, aluminum, carbon black) and

observed a depression of Tg, related with enhanced polymer dynamics due to extra free

volume at the resin-filler interface. Miyagawa et al.[13] observed a slight increase of Tg in

epoxy/clay nanocomposites (by 1.58C at 6 vol. %). It is interesting to note in this connection

that dynamic mechanical analysis (DMA) measurements in phenolic-based cyanate ester/clay

nanocomposites indicated a significant increase of Tg and broadening of the response.[14] The

morphology of the epoxy/clay nanocomposites (intercalation vs. exfoliation) proved to be sig-

nificant for the effect on Tg.
[15,16] Effects of water on thermal transitions in epoxy/clay nano-

composites were studied by Becker et al.[17] Lu and Nutt[18] investigated the relaxation

behavior of epoxy/clay nanocomposites by a combination of standard and temperature

modulated differential scanning calorimetry (DSC). Addition of the intercalated nanoparticles

resulted in a slower overall relaxation, a wider distribution of relaxation times, and higher Tgs.

A domain relaxation model was proposed that included three possible relaxation modes.[18]

In the present work we employ dielectric techniques (broadband dielectric relaxation

spectroscopy—DRS and thermally stimulated depolarization currents—TSDC) to investi-

gate the segmental dynamics associated with the glass transition in epoxy nanocomposites.

The broad frequency range of dielectric techniques allows us to study in detail the dynamic

glass transition over a wide temperature range.[19] A variety of nanocomposites prepared

using two different matrices, one based on DGEBA-diethylenetriamine and the other on

DGEBA-Jeffamine, and various fillers, including organically modified clays, diamond,
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carbon, and POSS nanoparticles, were studied and results obtained with the various

systems were critically compared to each other.

Dielectric techniques have already been used to study various epoxy nanocomposites.

Sun et al.[12] observed high values of both real and imaginary part of the dielectric

function, 10 and 100, in epoxy nanocomposites with various fillers. Nelson and Fothergill[20]

investigated epoxy/TiO2 nanocomposites at low frequencies where conductivity and

space charge polarization dominate the response. Todd and Shi[21] pointed to the effects

of coupling agent on the interface dielectric constant. Qi et al.[22] followed percolation

in epoxy/Ag nanocomposites in terms of 10 vs. vol. % and pointed to the prospects of

such nanocomposites as high 10 materials.

Experimental

Materials

Two epoxy network matrices were used, the first based on a low-viscosity epoxy resin

(ER), diglycidyl ether of Bisphenol A (DGEBA, Araldite LY556, Ciba) and diethylene-

triamine as curing agent, and the second on DGEBA and poly(oxypropylene)diamine

(Jeffamine D2000, molar mass 2000). In the first matrix the inclusions were smectic

clays organically modified with three quaternized ammonium salts: SAN (Hexadecyl,

octadecyl ammonium chloride), STN (Trioctane-, methyl-ammonium chloride), and

SPN (Oligo(oxypropylene)-, diethyl-, methyl-ammonium chloride);[23,24] diamond

particles synthesized by a shock-wave method with a diameter of about 6 nm;[25] conduc-

tive nanosized carbon particles (NCP) synthesized by a shock-wave method with a

diameter of about 10 nm.[26] In the second matrix, the inclusions were DGEBA-based

polyhedral oligomeric silsesquioxane (POSS) monomers with cyclopentyl substituents,

covalently attached to the chains as dangling blocks.[27,28] Details of the preparation of

the nanocomposites and of structural and morphological characterization have been

given in the above references.[23 – 28]

Techniques

DSC measurements were carried out using a Perkin-Elmer DSC-4 calorimeter.

A Schlumberger Frequency Response Analyzer (FRA SI 1260) supplemented by a

buffer amplifier of variable gain (Chelsea Dielectric Interface) or a Novocontrol Alpha

Analyzer, both in combination with a Novocontrol Quatro Cryosystem, were used for

DRS measurements in the frequency range 10– 2 2 106 Hz. Measurements in the

frequency range 106–109 Hz were carried out using a Hewlett-Packard impedance/
material analyzer (4291A) integrated with a Tabai Espec temperature chamber

(SU-240-Y).

The TSDC method consists of recording the thermally activated release of frozen-in

polarization.[8] A Novocontrol sample cell designed for TSDC was used, in combination

with a Novocontrol Quatro System and a Keithley 617 electrometer.

Results and Discussion

Epoxy/Diamond Nanocomposites

Figure 1 shows results for the frequency dependence of the dielectric permittivity

1 ¼ 10 2 i100 for the nanocomposite with 1.2 vol. % diamond at temperatures between
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30 and 1608C and a broad frequency range from 1021 to 106 Hz, extended for some temp-

eratures to 109 Hz. For direct comparison, the inset shows the corresponding plots for the

ER matrix. We observe high values of 10 and 100 at low frequencies and high temperatures.

Also, a step is observed in 10 at low frequencies and high temperatures and a corresponding

shoulder in 100, both more pronounced in the pure ER matrix (in the temperature range

100–1308C) than in the nanocomposite. All these observations are related to DC conduc-

tivity and conductivity effects,[23,25] which will not be further discussed here. The results

are not very conclusive with respect to the segmental a relaxation, corresponding to the

glass transition (dynamic glass transition). The main reason for this is that the correspond-

ing loss peak in Fig. 1 is masked by conductivity. However, we observe a large increase of

10( f ) for the pure ER (inset to Fig. 1) between 40 and 508C, which suggests an increase in

molecular mobility in this temperature range. This indicates that the glass transition of the

Figure 1. Log-log plot of the real (a) and imaginary (b) part of the dielectric permittivity for the

1.2% epoxy/diamond nanocomposites at various temperatures, in steps of 108C. The insets show

the corresponding plots for the epoxy matrix.
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epoxy network takes place between 40 and 508C. This increase is observed in the nano-

composite at higher temperatures, 70–1008C, and is much more gradual. These results

are confirmed by comparative isochronal (constant frequency) 10(T ) plots at selected

high frequencies (to eliminate conductivity effects) not shown here.

The shift of the a relaxation and of the glass transition to higher temperatures in the

diamond nanocomposites with respect to the pure ER matrix is more clearly observed in

the isochronal 100(T ) plot of Fig. 2. The a loss peak at the frequency of representation of

105 Hz in Fig. 2 is shifted from about 908C in the pure ER matrix to about 1308C in the two

diamond nanocomposites. Two more points are of particular interest here; the first being

that the whole a loss peak is shifted to higher temperatures in the nanocomposites and

secondly, there is no indication for a second loss peak located at the temperature of the

a loss peak in the pure matrix. Thus, with respect to the ongoing discussion in the literature

about the effects of the nanoparticles on segmental dynamics and glass transition of the

polymer matrix,[8,10] the results in Fig. 2 indicate that in the diamond nanocomposites

these effects are not limited to a surface layer around the nanoparticles. On the

contrary, the molecular mobility of the whole matrix is (severely) restricted in the nano-

composites. The second point refers to the observation that the shift to higher temperatures

and the shape of a loss peak is the same for the two nanocomposites, despite the different

content of nanoparticles (0.5 against 1.2%), which results in a different mean distance

between the particles of 13 and 18 nm, respectively.[25]

Despite the strong contribution of conductivity and space charge polarization to the

10( f ) and 100( f ) data in Fig. 1, the dynamics of the a relaxation could be analyzed. It is

possible, under certain conditions, for a relaxation where the 100( f ) loss peak is comple-

tely masked by DC conductivity, to eliminate the conductivity contribution by calculat-

ing by a derivative method 100( f ) from the measured 10( f ), where DC conductivity

makes no contribution.[29] We followed that method and calculated 100( f ) for the ER

matrix and the nanocomposites at selected temperatures, where the contribution

of DC conductivity to 10( f ) appeared negligible (60–1508C for the ER matrix,

Figure 2. Dielectric loss 100 against temperature for ER/diamond nanocomposites indicated on the

plot at 105 Hz.
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115–1308C for the nanocomposite with 0.5% diamond, and 90–1408C for the nano-

composite with 1.2% diamond), by[29]

100der ¼ �
p

2

@10ðvÞ

@ lnðvÞ
� 100rel ð1Þ

where v ¼ 2pf. As an example Fig. 3 shows comparative measured and calculated

100( f ) plots for the nanocomposite with 1.2% diamond at three temperatures. The

frequency of the maximum of the dielectric loss fmax for the a relaxation was

obtained from the calculated spectra at each temperature and is plotted in the

Arrhenius diagram (activation diagram) of Fig. 4. The temperature dependence of

fmax is well described by the Vogel-Tammann-Fulcher equation[30]

fmax ¼ A exp �
B

T � T0

� �
ð2Þ

where A, B, and T0 (Vogel temperature) are temperature independent empirical

constants. The a relaxation is significantly slower in the nanocomposites as compared

to the matrix; note, however, that doubling the volume fraction of the filler from

0.5% to 1.2% seems to only slightly affect the dynamics. The glass transition tempera-

tures indicated by DRS measurements, calculated by extrapolating the data in Fig. 4 to a

relaxation time of 100 s (equivalent frequency of 1.6 � 1023 Hz),[8,30] are 478C for the

pure ER, and about 808C for the nanocomposites.

Thus, both the isochronal 100(T ) results in Fig. 2 and the results shown in the Arrhenius

plot, obtained independently from each other (in the sense that the former were obtained

from the measured 100( f ), whereas the latter from the 10( f ) data), show a significant restric-

tion of segmental dynamics and a significant increase of glass transition temperature Tg in

the nanocomposites, as compared to pure matrix. Such changes in Tg are often discussed

in terms of a layer of polymer with reduced mobility (bound polymer) around the filler

particles, with a thickness of the order of a few nm (two- or three-layer models[8,10,18]).

When the interparticle distance becomes comparable to the thickness of this interfacial

layer, it will constitute a large volume fraction of the overall material and its properties

Figure 3. Comparative measured (100) and calculated (100der) dielectric loss against frequency for the

nanocomposite with 1.2 vol. % diamond at selected temperatures indicated on the plot.
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will dominate the bulk properties of the material. The interparticle distances here,

however, are much larger than typical values obtained for the thickness of the interfacial

layer found in the literature (a few nm[8]), even assuming that the particles have been com-

pletely dispersed in the matrix. It can not be excluded, however, that curing of the polymer

in the presence of the nanoparticles (the method of preparation followed here) has a direct

influence on the structure and the properties of the matrix.

Epoxy/Clay Nanocomposites

Transmission electron microscopy studies (TEM) indicated that, in the ER/clay nano-

composites studied, the clays were mostly exfoliated.[23] Results for the temperature

dependence of 10(T ) and of 100(T ) in the clay nanocomposites in a broad temperature

region around Tg are given in Figs. 5 and 6, respectively. The samples contain 5 wt. %

organically modified clays.[23] We assume, at this stage, that changes observed in the

dielectric spectra on addition of clay reflect changes in the morphology and the

dynamic of the epoxy network and that the quaternized ammonium salts used for clay

modification make no direct contribution to the dielectric spectra.[21] Similar to the case

of diamond nanocomposites, isothermal results of 10( f ) and 100( f ) are not very conclusive

with respect to the segmental a relaxation. A high frequency (105 Hz) was selected for the

isochronal plots to eliminate conductivity and space charge polarization.

The step in 10(T ) at around 608C in pure ER in Fig. 5 and at higher temperatures in the

nanocomposites corresponds to the dynamic glass transition. This interpretation is based

on the well-established fact that molecular dipoles which are frozen in the glassy state and,

thus, do not contribute to 10, become mobile and contribute to 10 in the rubbery state. Inter-

estingly, 10(T ) is constant in ER at T . Tg, whereas in the nanocomposites it continues to

increase with increasing temperature, indicating a gradual release of constraints to chain

mobility imposed by the rigid nanoparticles. The a loss peak in Fig. 6 is at about 908C in

pure ER and is shifted, by about 20–408C, to higher temperatures in the nanocomposites,

whereas at the same time it becomes less clear, in correlation with the gradual release of

Figure 4. Arrhenius plot for the a relaxation of the epoxy/diamond nanomposites indicated on the

plot. The lines are fits of the VTF Eq. (2).
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frozen mobility at higher temperatures indicated by the results in Fig. 5. Obviously, the

(calorimetric) Tg is located at a lower temperature than the a loss peak in Fig. 6

because of the high frequency of presentation in Fig. 6.[30]

Thus, the results of dielectric studies in the ER-clay nanocomposites clearly

indicate restriction of segmental dynamics in the nanocomposites, as compared to the

pure matrix. The quality of dielectric data, in particular the large contribution of con-

ductivity and of space charge polarization to 10 and 100, precludes from discussing the

data in terms of a model. It is interesting to note, however, that the results in Figs. 5

and 6, in agreement with those presented in the previous section for epoxy/diamond

nanocomposites, appear incompatible with any model where a significant part of the

polymer in the nanocomposites exhibits segmental dynamics similar to that of the

pure matrix.

Figure 5. Real part of the dielectric permittivity 10 against temperature T of the ER/clay nano-

composites indicated on the plot at 105 Hz.

Figure 6. Dielectric loss 100 against temperature T of the ER/clay nanocomposites indicated on the

plot at 105 Hz.
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Epoxy/Carbon Nanocomposites

This is a system of particular interest, as the filler is conductive and the results of dielectric

studies can be discussed in terms of percolation and, thus, provide additional information

on morphology. From the technological point of view such systems are interesting for

applications as high 10 materials and as conducting polymers (“light metals”) below and

above the percolation threshold, respectively.[22,26]

Molecular dynamics in the nanocomposites was studied by broadband DRS and

TSDC. Figure 7 shows results for the temperature dependence of 10 and 100 in the ER/
NCP nanocomposites at a constant frequency of 80,805 Hz, whereas comparative

TSDC thermograms of the pure matrix and three nanocomposites are given in Fig. 8.

The TSDC thermograms correspond to plots of dielectric loss against temperature

100(T ) at a fixed low frequency in the range 1022–1024 Hz.[8] The three ER/NCP nano-

composites have filler volume fractions F of 1, 4, and 6%, all three below the percolation

threshold, which was determined from a plot of 10 (at a fixed frequency of 1 Hz and a temp-

erature of 2508C) against F to be 7.4%.[26] An overall increase of molecular mobility is

observed in Figs. 7 and 8, in the sense that, at each temperature, 10 and 100, as well as the

depolarization current, increase with increasing filler content. This is, to a large extent,

related to the formation of a percolation structure of the nanoparticles.

Figure 7. Temperature dependence of the real 10 (a) and the imaginary part (dielectric loss) 100 (b) of

the dielectric permittivity of the ER/carbon nanocomposites indicated on the plot at 80,805 Hz.
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Two relaxations, a secondary b relaxation at lower temperatures, associated with

the motion of hydroxyl groups[31] and the segmental a relaxation at higher tempera-

tures, associated with the glass transition of the ER matrix, are observed in Fig. 7.

For both relaxations the strength (i.e., the magnitude of the peak in 100(T ) and the cor-

responding step in 10(T )) increases in the nanocomposites, in particular for the sample

with the highest F value. The time scale (temperature position) of the response shows,

however, a different behavior for the two relaxations: no change for the local b

relaxation against a shift to higher temperatures, i.e., a slowing down of dynamics,

with increasing filler content for the segmental a relaxation. Similar results (even if

less conclusive) are obtained by TSDC (Fig. 8), where in addition to the b and the

a relaxations an interfacial Maxwell-Wagner-Sillars (MWS) relaxation[29] is

observed in the ER matrix at higher temperatures (interestingly, however, not in the

nanocomposites). The a relaxation in Fig. 8 is recorded as a shoulder on the steeply

increasing wing of depolarization current arising from conductivity. Please note the log-

arithmic current scale, as well as the fact that the b relaxation is superimposed on a

background, which also increases significantly with increasing filler content and is

attributed to interfacial polarization within the clusters formed by association of the

carbon particles.

Thus, the results of DRS and of TSDC in the ER/NCP nanocomposites allow

discussing molecular mobility in terms of the relaxation strength and the time scale of

the response. The increase of relaxation strength for the a relaxation, as well as for the

b relaxation, can be understood in terms of increased free volume, in agreement with

results obtained with other nanocomposites.[9] The slowing down of the cooperative a

relaxation (dynamic glass transition), on the other hand, is in agreement with the results

obtained with the same matrix and different inclusions (clays and diamond nanoparticles)

in the two previous sections.

Figure 8. TSDC thermograms for the ER/carbon nanocomposites indicated on the plot.
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Epoxy/POSS Nanocomposites

The chemical structures of the materials used for preparation, DGEBA, Jeffamine D2000 and

the DGEBA-based POSS monomer with cyclopentyl substituents, POSScp-DGEBA, and of the

networks prepared are shown in Scheme 1. Along with the pure epoxy network (sample d),

two hybrids were investigated, samples d1 and d2, both with dangling POSS blocks cova-

lently attached to the chains, differing in the weight fraction of POSS units, 35% and

50%, respectively. The crosslinking density was kept constant in the three samples.[27,28]

The glass transition in the pure network and the hybrids was studied by DSC, the results

(second runs to delete any effects of thermal history) being listed in Table 1, glass transition

temperature, Tg, determined as the temperature of half heat capacity increase, range of the

glass transition, DT, determined as the difference between the temperature of completion,

and the temperature of onset of the glass transition, heat capacity jump at Tg, DCp, and

heat capacity jump normalized to the polymer fraction in the hybrids, DCpn, determined

by DCpn ¼ DCp/(1 2 w), where w is the weight fraction of the POSS unit.

Tg in Table 1 is in the range of about 2458C, i.e., the epoxy networks prepared are in

the rubbery state at room temperature. Tg shows no systematic variation with composition;

however, a significant and systematic broadening with increasing weight fraction of POSS is

Scheme 1. Chemicals used and structure of the materials studied.
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observed. Also, the heat capacity jump at Tg, normalized to the same polymer fraction, DCpn,

is approximately the same for the three samples studied. The broadening of the response in

the region of the glass transition, confirmed also by TSDC results, not shown here, and by

DMA results on the same samples,[28] suggest increasing heterogeneity of chain dynamics at

the glass transition, i.e., chain dynamics is different in different regions of the sample. The

characteristic size of these regions must be larger than the characteristic length (cooperativ-

ity length) of the glass transition, which has been determined for various polymers to be in

the range 1–4 nm.[30] The spatial heterogeneity in the hybrids can be understood in terms of

the two main effects caused by the presence and the covalent bonding of the POSS units:[9]

increase of free volume due to loosened molecular packing of the chains and constraints

imposed to the motion of the chains by the rigid particles.

DRS measurements (1022–106 Hz) were carried out isothermally from 2150 to 1508C.

The broad frequency and temperature ranges allow following all the relaxations present in

the samples, dipolar relaxations at lower temperatures/higher frequencies, and relaxations

related with charge carrier motion at higher temperatures/lower frequencies. An

overview of the dielectric response is given in the isochronal 100(T ) plot of Fig. 9. A low

frequency of 10 Hz has been chosen for that plot in order to follow, in a single plot, all

the relaxations present in the pure epoxy network and the hybrids: the local, secondary g

and b relaxations in the glassy state, the segmental a relaxation, and the normal mode

(NM) relaxation in the temperature region of the glass transition, DC conductivity and con-

ductivity effects at higher temperatures. The NM relaxation is characteristic for chains

having a dipole moment component along the chain contour, arising from the fluctuation

and orientation of the end-to-end polarization vector of the chain in the electric

field.[32,33] Jeffamine, having a dipole moment component along the chain contour, is the

origin of the NM relaxation in the nanocomposites under investigation. Here we focus on

the two relaxations in the glass transition region. Please note that 100 in Fig. 9 has been nor-

malized to the same polymer fraction, 100norm ¼ 100/(1 2 w), where w is the weight fraction of

the POSS units, so that the magnitudes of the relaxations (heights of the loss peaks) in the

various samples can be directly compared to each other, by assuming, at this stage, that only

the polymer fraction contributes to the relaxations observed. The most striking result in

Fig. 9 is the significant reduction of the normalized response in the region of the glass tran-

sition in the hybrids, as compared to the pure epoxy network, in agreement also with TSDC

results not shown here. Before we proceed with the analysis of the data, by fitting appropri-

ate model functions to 1( f ) data, we would like to extract more information on the time scale

and the magnitude of the relaxations solely on the basis of the raw data.

Figure 10 shows comparative 100( f ) plots of the three samples under investigation

at 2208C, to follow the segmental relaxation and the NM relaxation. The double peak

shifts slightly to higher frequencies with increasing POSS content in the hybrids,

Table 1

Glass transition characteristics of the epoxy/POSS nanocomposites

Tg DT DCp DCpn

Sample (8C) (8C) (J/g8C) (J/g8C)

d 244 25 0.75 0.75

d1 248 42 0.54 0.83

d2 243 70 0.36 0.72
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indicating an acceleration of the response in the region of the glass transition. Also, the

magnitude of the relaxations decreases significantly in the hybrids, as shown also by

the normalized 100(T ) plots in Fig. 9. Both the segmental a relaxation and the NM

relaxation in our networks originate from Jeffamine, as indicated by comparison with

dielectric data obtained with linear and star poly(oxypropylene).[32] A striking result

in Fig. 10, by comparing with these dielectric data,[32] is the relatively very strong con-

tribution of the NM relaxation to the double peak. It is well known from the theory that

the relaxation strength of the NM relaxation increases with the square of chain length

(end-to-end polarization vector of the chain). Measurements in poly(oxybutylene) (B)

oligomers of various molar masses and in block copolymers of poly(oxybutylene)

and poly(oxyethylene) (E), EB and EBE, where the E blocks are crystalline and the

B blocks amorphous, have shown that, at each molar mass of the B block, the normal-

ized relaxation strength of the NM relaxation of the B blocks increases significantly in

the diblocks and even more in the triblocks, as compared to the homopolymers.[33]

These results have been explained by assuming that the B blocks in the block copoly-

mers are more expanded and oriented, in agreement with the results of structural

studies.[33] Thus, the results in Fig. 10 suggest that Jeffamine, the origin of the NM

relaxation in our epoxy networks, is stretched in the networks, in agreement with

and in support of a structure model of the networks proposed on the basis of SAXS,

WAXS, and TEM measurements.[27] The model involves a lamellar structure with

POSS crystalline layers separated by extended Jeffamine D2000 chains.

The dielectric data were further analyzed by fitting appropriate model functions to

the measured spectra. Based on previous experience,[8,19] a sum of two Havriliak-

Negami (HN) expressions of the type[34]

1ðvÞ ¼ 11 þ
D1

ð1þ ðiviHNÞ
1�a
Þ
b

ð3Þ

Figure 9. Comparative isochronal 100(T ) plot of the epoxy/POSS nanocomposites indicated on the

plot at 10 Hz.
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was fitted, at each temperature, to the dielectric spectra in the region of the double a-NM

peak. In this expression, 1� ¼ 10 2 i100 is the complex dielectric permittivity (function),

v ¼ 2pt, D1 the intensity (magnitude, strength) of the relaxation process, tHN ¼

1/(2pfHN) and fHN the position of the relaxation process on the frequency scale, 11 is

10( f ) for f� fHN and a and b are shape parameters. For each of the two relaxations, a

and NM, the frequency of maximum loss (peak frequency) fmax was calculated by[35]

fmax ¼ fHN

sin½ðð1� aÞp=ð2þ 2bÞÞ�

sin½ðð1� aÞb=ð2þ 2bÞÞ�

� �1=(1�a)

ð4Þ

By the fitting procedure described above, information extracted from each relaxation

is quantified in terms of time scale ( fmax), magnitude (D1), and shape (a, b) of the

response. In the following we focus on the information on time scale and magnitude of

the two relaxations in the temperature region of the glass transition.

Time scale is best discussed in terms of the Arrhenius plot (activation diagram) shown

in Fig. 11 for the three samples studied. Included in the plot are also TSDC data at the

equivalent frequency of 1.6 � 1023 Hz, corresponding to a relaxation time of 100 s,[8]

in very good agreement with the DRS data. We observe in Fig. 11 that both the

segmental a relaxation and the NM relaxation become faster with increasing POSS

content in the hybrids. The two relaxations approach each other with decreasing tempera-

ture toward Tg, as expected for oligomers[32,33] and is clearly observed for the pure epoxy

network, the sample with the larger response. Please note that this closer merging of the

two relaxations, as the cooperativity length (characteristic length) of the glass transition[30]

increases toward the chain length of Jeffamine, combined with the reduction of the

response in the hybrids (Fig. 10), makes results of the analysis more ambiguous, in particu-

lar for the weaker NM relaxation. The VTF Eq. (2) was fitted to the data for the a and NM

Figure 10. Comparative 100(f) plot of the epoxy/POSS nanocomposites indicated on the plot

at 2208C.
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relaxations only for the pure epoxy network sample, where more data were available, with

reasonable values of the fitting parameters (log A ¼ 11.8, B ¼ 1071 K, T0 ¼ 196.7 K for

a and log A ¼ 12.4, B ¼ 2115 K, T0 ¼ 171 K for the NM relaxation).

Thus, the results of broadband DRS show clearly, in agreement with the TSDC

results, that the segmental a relaxation and the NM relaxation become slightly but system-

atically faster in the hybrids with increasing POSS content, as compared to the pure epoxy

network. The corresponding reduction of Tg, from the TSDC data which are included in

Fig. 11, is 3 and 78C for the samples with 35 and 50 wt. % POSS units, respectively, as

compared to the pure epoxy network. The acceleration of the a and the NM relaxations

in the hybrids may be explained in terms of an increase of free volume, arising from

loosened molecular packing of the chains due to the presence of the rigid and bulky

POSS units and their covalent bonding to the chains. Plasticization by the bulky POSS

units[36] is a different terminology for the same effect. A significant increase of free

volume, confirmed also by density measurements, has been observed in polyimide

networks modified by POSS units.[37]

The relaxation strength of each of the two relaxation processes, obtained from the

fitting of the HN expression as shown in Eq. (3) to the experimental data, was normal-

ized to the same mass fraction of the polymer, D1n ¼ D1/(1 2 w), where w is the mass

fraction of the POSS units. D1n was plotted as a function of temperature for each of the

processes. The plots, not shown here, reveal, as expected from the literature,[19] a

decrease of D1n with increasing temperature for the segmental a relaxation. What is

unexpected is the observed clear increase of D1n with increasing temperature for the

NM relaxation, as it is well established that for homopolymers D1n decreases with

increasing temperature, even faster than D1n for the segmental a relaxation.[33] This

increase may be related with the structure ordering found in DGEBA-Jeffamine

networks[38] and a disordering at higher temperatures, also suggested by the results of

DMA measurements.[28]

Figure 11. Arrhenius plot for the two relaxations and the three samples indicated on the plot.

Included are also TSDC data. The lines are fits of the VTF Eq. (2) to the data for the pure epoxy

network.
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Mean values of D1n, over the temperature range of measurements, were found to

decrease with increasing POSS content in the hybrids for both relaxation processes:

D1n ¼ 2.35, 1.53, and 1.09 for a and D1n ¼ 1.83, 1.70, and 0.75 for the NM relaxation

in the order d, d1, and d2. These results quantify the significant reduction of D1n of the

segmental a relaxation and of the NM relaxation in the hybrids, already observed in

Figs. 9 and 10. A possible explanation for this behavior, consistent with the results on

time scale of the relaxations, is that a significant part of the chains is immobilized due

to the presence of and interactions with the rigid POSS units, whereas the rest exhibits

a slightly faster dynamics, as compared to the pure network.

Conclusion

Dielectric techniques (broadband DRS and TSDC, a special technique in the temperature

domain) were employed, in addition to DSC, to investigate segmental dynamics associated

with the glass transition in epoxy nanocomposites. Two epoxy network matrices were

used, the first based on DGEBA and diethylenetriamine, and the second on DGEBA

and Jeffamine D2000. In the first matrix, the inclusions were organically modified

clays, diamond particles with a diameter of about 6 nm, and conductive carbon nano-

particles with a diameter of about 10 nm, whereas in the second polyhedral oligomeric

silsesquioxanes (POSS) were covalently attached to the chains as dangling blocks.

Common to the nanocomposites of the first matrix is that no covalent bonds exist

between the matrix and the filler. The nanocomposites of the first matrix are glassy at

room temperature, whereas the epoxy/POSS nanocomposites are rubbery.

Jeffamine, the diamine used for preparing the epoxy/POSS nanocomposites,

possesses a dipole moment component along the chain contour and, thus, exhibits, in

addition to the segmental a relaxation associated with the glass transition, a NM relax-

ation, associated with the fluctuation and orientation of the end-to-end polarization

vector of the chain in the electric field. The existence of this relaxation provides additional

possibilities for studying chain dynamics by dielectric techniques.

In all the nanocomposites studied, the results show a significant increase of hetero-

geneity of dynamics in the region of the glass transition, as compared to the pure epoxy

network, which reflects a spatial heterogeneity.

In the nanocomposites based on the first epoxy network the segmental dynamics

becomes slower, as compared to the pure epoxy network, and the glass transition tempera-

ture increases (to an extent depending on the type of inclusion and increasing in the order

carbon nanoparticles, clays, diamond nanoparticles). There is neither a fraction of polymer

immobilized nor a fraction exhibiting dynamics similar to that of the pure epoxy network.

Thus, the results suggest that the dynamics of the whole polymer fraction is influenced by

the presence of the nanofiller, even at low filler content.

Results are different in the nanocomposites based on the second epoxy network

(epoxy/POSS nanocomposites). A fraction of polymer is immobilized, obviously at inter-

faces with POSS, whereas the rest exhibits a slightly faster dynamics, as compared to the

pure epoxy network. Interestingly, immobilization is clearly observed by both dielectric

techniques, however, not by DSC. Thus, polymer dynamics in the epoxy/POSS nanocom-

posites is described by a two-phase (layer) model. Two- and three-phase models have been

used before to describe polymer dynamics in polymer nanocomposites, in particular

rubber/silica nanocomposites.[8,39]

At this stage we can only speculate about the reasons for the different behavior in the

two classes of nanocomposites studied. Immobilization of a part of the matrix and faster
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dynamics for the rest of the matrix in the epoxy/POSS nanocomposites may originate

from covalent bonding and the bulky shape of the POSS particles, respectively. On

the other hand, the single behavior of the whole polymer in the nanocomposites of

the second class may be related with the rigidity of that network. It is also possible that

the different behavior of the two classes of nanocomposites originate from the different

methods of preparation: the crosslinking density is kept constant in the epoxy/POSS nano-

composites,[27] whereas in the first class of nanocomposites it can not be excluded that

curing reactions and crosslinking density may be modified by the presence of the nanofil-

lers or the matrix may be plasticized by smaller molecules present in the network.[10,11]

Obviously, more systematic work by varying type and topology of the filler is needed

to further clarify these points.
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