
1	
	

Dielectric relaxations of nanocomposites composed of HEUR 
polymers and magnetite nanoparticles 

 

A. Campanella1*, A. Brás2, K. N. Raftopoulos3, C. M. Papadakis3, O. Vassiliadou4, A. Kyritsis4, 
M. S. Appavou1, P. Müller-Buschbaum3, H. Frielinghaus1  

 
1 JCNS, Forschungszentrum Jülich GmbH, outstation at FRMII, Lichtenbergstrasse 1, 85747 

Garching, Germany 

2 Universität zu Köln, Institut für Physikalische Chemie, Luxemburger Str. 116, 50939 Köln, 

Germany	 

3 Technische Universität München, Physik-Department, Lehrstuhl für Funktionelle 

Materialien/Fachgebiet Physik weicher Materie, James-Franck-Straße 1, 85748 Garching, 

Germany 

4 National Technical University of Athens, Physics Department, Iroon Polytechneiou 9, Zografou 

Campus, Athens, 15780, Greece 

*Corresponding author, a.campanella@fz-juelich.de, +49089 289 10774 

 

Abstract 

 

We investigate the dynamics of nanocomposites composed of hydrophobically modified 

ethoxylated urethanes (HEUR) and magnetite nanoparticles (MNPs) as dry films. We 

employed dielectric relaxation spectroscopy (DRS) in combination with differential 

scanning calorimetry (DSC) and thermally stimulated depolarization currents (TSDC). 

The three techniques reveal a strong heterogeneity of the matrix of the nanocomposites, 

consisting of (i) a crystalline poly(ethyleneoxide) PEO bulk phase, (ii) an amorphous 

PEO portion, and (iii) small PEO crystallites which experience different constraints than 

the PEO bulk phase. TSDC and DRS reveal a very high direct current (DC)-conductivity 
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of the pure matrix, which increases with MNPs concentration. The increase of the DC-

conductivity is not related to an increase of the segmental mobility, but most likely to the 

change of the morphology of the hydrophobic domains of the polymer matrix, due to the 

formation of large MNPs clusters. Indeed, the MNPs neither influence the segmental 

dynamics of the polymer nor the phase behavior of the polymer matrix. The addition of 

MNPs slightly increases the activation energy related to the γ-relaxation of the polymer. 

This effect might be related to the changes in nano-morphology as demonstrated by the 

slight increase of the degree of crystallinity. The analysis of the DRS data with the 

electrical modulus M’’(ω) and the derivative ε’’der formalism allow us to identify a low-

frequency process in addition to the conductivity relaxation. This low-frequency 

dispersion is also revealed by TSDC. It is most likely related to the Maxwell-Wagner-

Sillars relaxation, which typically occurs in systems which feature phase separation. The 

detailed investigation of the dielectric properties of these novel nanocomposites with 

increasing MNPs concentration will be useful for their practical application, for example 

as absorbers of electromagnetic waves. 

(Keywords: nanocomposites, magnetite nanoparticles, dynamics, heterogeneity, 

conductivity)  

Graphical abstract 
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1. Introduction 

The combination of magnetic and dielectric properties, the stability and the 

biocompatibility make magnetic nanocomposite materials suitable for both, 

environmental and biomedical applications and for use in electronics [1-6]. Typically, the 

magnetic nanocomposite materials comprise a polymer matrix and inorganic filler 

particles. The polymer matrix is used for processing, whereas the inorganic filler adds the 

magnetic contribution to the system. In particular, nanocomposites containing magnetite 

(Fe3O4) nanoparticles as fillers show interesting microwave absorbing properties, for 

instance [7, 8]. To disperse the magnetic nanoparticles in the polymer matrix, miscibility 

is required, which typically can be achieved by coating the nanoparticles [9, 10]. By 

using special polymers, such as diblock copolymers, the polymer matrix can be used as a 
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template to guide the nanoparticles, which can give rise to special magnetic properties 

[11-15]. However, for large-scale applications the use of tailor-made diblock copolymers 

may be expensive and consequently disadvantageous. Statistical copolymers or other 

structures polymers may also be able to embed magnetic nanoparticles selectively [16] 

and are more readily available. 

In this work, we present a magnetic nanocomposite system based on hydrophobically 

modified ethoxylated urethanes (HEUR) with embedded coated magnetite (Fe3O4) 

nanoparticles (Fig. 1). As shown in Fig. 1 b), the MNPs are coated with both surfactants 

oleic acid and oleylamine, since it ensure a high stabilization of the MNPs dispersion 

[17]. The choice of polyurethanes as polymer matrices has advantages in terms of 

versatility, since they can behave as elastomers, thermoplastics or thermoset polymers 

[18]. Furthermore, the presence of alkyl end-groups in the polymer structure allows a 

hydrophobic interaction with the hydrophobically coated magnetic nanoparticles (MNPs) 

and eventually to their homogeneous dispersion. These features widen the applicability of 

the final nanocomposite. The structural characterization of these novel nanocomposites 

by small angle neutron scattering (SANS) was presented in our previous study [16]. In 

this preceding work, we observed a microphase separation of the polymer matrix into 

hydrophobic end-chains and into the hydrophilic backbone of the telechelic HEUR 

polymer. Note that this type of microphase separation differs qualitatively from that 

observed in conventional polyurethanes, where the so-called hard domains, which contain 

the urethane groups, separate from the soft flexible matrix due to the hydrogen bonding 

between the urethane groups. Furthermore, for MNPs concentrations above 0.8 wt%, the 

formation of dense MNPs clusters was observed. Following this structural 

characterization of the HEUR-MNPs nanocomposites, in the present study, we focus on 

the dynamics of the system. At this, we employed dielectric relaxation spectroscopy 



5	
	

(DRS), which is a powerful tool for studying the polymer dynamics in a broad 

temperature and frequency range [19]. Along with the conventional alternating current 

(AC)-dielectric spectroscopy, we employed the technique of thermally stimulated 

depolarization current (TSDC). TSDC is a special dielectric technique in the temperature 

domain, which extends the range of relaxation times up to approximately 100 s, a value 

which is typically not accessible by conventional AC techniques. The results from the 

dielectric measurements are compared with the ones from differential scanning 

calorimetry (DSC). In order to clarify the origin of some of the phase transitions observed 

in the DSC measurements, we carried out water sorption measurements in order to 

quantify the water content in the dry films. We relate the dielectric behavior to the 

morphology of the system and determine the relation of the polymer dynamics to the 

MNP concentration. By combining DSC, TSDC and DRS, we observe a very strong 

heterogeneity of the PEO portion of polymer matrix of the nanocomposites. The 

dynamics of the system is not affected by the MNP concentration, and only an increase of 

the direct current (DC)-conductivity is observed with MNP concentration, which may be 

related to the increase of the charge carriers in the system.	
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Fig. 1 a) Chemical structure and sketch of the HEUR polymer (n = 10, y = 16, R2 = C4H8, 

R=C22H44). b) Sketch of the magnetite nanoparticles coated with oleic acid and oleylamine  

 

2. Experimental 
 
 

2.1 Materials 

The telechelic polymer is the commercial TAFIGEL PUR 61 (25% water emulsion, Mw= 

8900 g/mol, D = 1.04) and was purchased from Münzing Chemie GmbH (Heilbronn, 

Germany). For the synthesis of the hydrophobic MNPs, iron (III) acetylacetonate 

(Fe(acac)3, 99.9%), 1,2 hexadecanediol (C14H29CH(OH)CH2(OH), 90%), oleylamine 

(OAM, C6H18=C9H17NH2,70%), oleic acid (OA, C9H18=C8H15COOH, 99%) phenylether 

(C12H10O, 99%), and solvents (hexane, ethanol) were purchased from Sigma Aldrich. The 

synthesis of the magnetite nanoparticles coated with oleic acid and oleylamine was carried 

out by thermal decomposition of iron Fe(III) salt according to the procedure reported by 

Wang et al [17]. 

 

 

2.2 Nanocomposites preparation 

The preparation of the nanocomposites in the dried state was performed following the 

procedure described in our previous work [16]. They were obtained by casting a solution 

of polymers and nanoparticles in a mixture of H2O and hexane onto a solid support and by 

evaporating the solvent. A metallic frame with a depth of 1 mm was used as a support for 

the casting. More precisely, a mixture of 0.74 g of the polymer solution in water (25 wt %) 

and 0.8 mL of a stock solution of a 2.3 g/L solution of the MNPs in hexane was carefully 

spread on the metallic support. Then, the solvent was evaporated for 48 h at room 
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temperature. The resulting nanocomposite had a MNP concentration of 1 wt %. We 

prepared the nanocomposite having 3 wt% MNP concentration following the same 

procedure. The pure HEUR film was obtained by solution casting from a 25 wt% solution 

of HEUR polymer in H2O. We obtained films having thicknesses of the order of 1 mm. 

 

2.3 Water sorption measurements 

Water sorption measurements were performed at 25 °C on the pure HEUR film and on the 

HEUR nanocomposites with 1 wt% and 3 wt% MNP concentration. A TA Instruments 

VTI-SA Vapor Sorption Analyzer was used. For the pure HEUR film, during sorption, 

saturation was achieved for relative humidities rh between 5 % and 80 %. For rh > 80 %, 

the sample mass continued to increase without saturating, indicating that the sample started 

to dissolve. Due to this behavior, the water desorption was only monitored for 85% rh, 

again without reaching saturation. For the nanocomposite with 3 wt% MNPs,the 

desorption process was monitored over the whole range of relative humidities explored, 

and the measurement revealed that no hysteresis occurs for rh ≤ 80%. 

 

	

2.4 Differential Scanning Calorimetry (DSC) 

The glass transition and crystallization/melting events were investigated in nitrogen 

atmosphere in the temperature range from -150 oC to 150 oC by a TA Instruments Q200 

differential scanning calorimeter. A few mg of sample were placed in aluminum T0 pans 

(by TA Instruments). Three cooling scans were performed with starting temperatures of 

150°C, 80 °C and 40 °C down to -150 °C, and two heating scans from -150 °C up to 80 °C 

and 90 °C with 10 °C/min.  
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2.5 Thermally stimulated depolarization currents (TSDC) 

TSDC is a dielectric technique in the temperature domain, which roughly corresponds to 

measuring the dielectric loss as a function of temperature at a fixed low frequency in the 

range 10-4-10-2 Hz (equivalent frequency) [20]. The sample was inserted between the plates 

of a parallel capacitor and was polarized by an electric field Ep at a polarizing temperature 

Tp for a time tp. With the electric field still applied, the sample was cooled to a temperature 

To, which is chosen to be low enough to prevent depolarization by thermal energy. Then, 

the sample was short-circuited and reheated at a constant rate b. The discharge current 

generated during heating was measured as a function of temperature with a sensitive 

electrometer. TSDC measurements were carried out in the temperature range from -150 to 

20 oC using a Keithley 617 electrometer in combination with a Novocontrol sample cell for 

TSDC measurements. Typical experimental conditions were Tp = 20 oC or -60oC, Ep = 5 

kV/cm, tp = 5 min, a cooling rate of 10 K/min,  To = -150 oC, and b = 3 K/min. 

 

 

2.6 Dielectric relaxation spectroscopy (DRS) 

The matrix and the two nanocomposites (with 1 and 3 wt% of MNPs) were investigated by 

dielectric spectroscopy using a Novocontrol Impedance Spectrometer (Novocontrol 

Technologies GmbH & Co. KG Montabaur, Germany) in the frequency range 0.01 Hz-1 

MHz and in the temperature range from 25 °C to -85 °C in steps of 5 °C or of 10 °C. The 

measurements were performed during cooling. A film of each sample (1 mm) was placed 

between two gold plated electrodes (diameter 20 mm) of a parallel plate capacitor. The 
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sample was mounted in a cryostat, and the temperature was controlled by a heated gas 

stream of nitrogen, evaporated from the liquid state. The temperature was controlled by a 

nitrogen jet (Quatro, Novocontrol), with an uncertainty of 0.1 °C during every frequency 

sweep. 

 

2.7 Transmission electron microscopy measurements 

The nanocomposites in the dried state were investigated with Transmission electron 

microscopy (TEM) in order to obtain the shape and the size distribution of the MNPs. The 

samples were prepared by depositing the powder sample on a carbon-coated copper grid. 

After a few minutes, excess powder was carefully removed. The specimen was inserted 

into a high-tilt-specimen retainer (EM-21311HTR, JEOL, Tokyo, Japan) and transferred to 

a JEM 2200 FS EFTEM instrument (JEOL, Tokyo, Japan). Examinations were carried out 

at room temperature. The transmission electron microscope was operated at an acceleration 

voltage of 200 kV. Zero-loss filtered images were recorded digitally by a bottom-mounted 

16 bit CCD camera system (FastScan F214, TVIPS, Munich, Germany). Images (Fig.15) 

were taken with EMenu 4.0 image acquisition program (TVIPS, Munich, Germany). 

 

	

3. Results and discussion 

 

3.1 Determination of the water content: water sorption measurements  

In order to characterize the presence of water in the polymer matrix of the dry films, the 

water content in the HEUR polymer film and in the nanocomposites was quantified by 

water sorption measurements. The confirmation of the presence of the water trapped in the 
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prepared films and its quantification is important to understand the thermal and dielectric 

behavior of the investigated systems. In Fig. 2, the evolution of the sample mass (pure 

HEUR film) with time during the water sorption process is shown. The step-like increase 

of the sample mass is due to the water uptake during the water sorption process. For 

relative humidities rh between 5 % and 80 %, the mass vs time profiles reach a plateau 

within 2 h, i.e. they reach saturation within this time (green arrow in Fig. 2). For rh higher 

than 80 %, saturation is not reached, which is due to the fact that the sample starts to 

dissolve (blue arrow in Fig. 2).  
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Fig. 2 Mass of the pure HEUR film as a function of the time at different relative humidity values 

rh,  as indicated in the graph 

 

The sorption isotherm at 25 °C for the pure HEUR film is shown in Fig. 3. It shows the 

water content as a function of the water activity αw or relative humidity rh.  

The water content hd is defined as: 

ℎ! =
!!
!!

                                                                     (1) 
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where mw is the mass of the absorbed water and md the mass of the dry sample. In the 

present case, the mass of the dry sample refers to the mass of the sample after vacuum 

drying at room temperature for 24 h.  
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Fig. 3 Water content hd (%) in the pure HEUR film as a function of the water activity αw. The inset 

graph is the sorption isotherm for the equilibrated steps. The red arrow highlights the water content 

at 80 % rh, the highest value where equilibrium is reached. The data points surrounded by black 

squares are the ones acquired out of equilibration during the sorption process, and the one marked 

by the red square was acquired during the desorption process. 

 

The data points marked by black squares are the ones which are out of equilibration during 

the sorption process, and the one marked by the red square is measured during the water 

desorption process. The sample absorbs up to 6% of water at αw = 0.8 (relative humidity rh 

= 80%). Furthermore, the water content hd vs the water activity αw does not show a linear 

behavior for αw > 0.6. This behavior is typical of hydrogel systems and is due to the 

formation of clusters of water molecules [21]. Therefore, we can state that in usual 
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conditions, i.e. in a relative humidity range rh of 40% and 80%, the pure HEUR film has a 

water content, hd , between 1% and 6%. 

The water sorption measurements on the nanocomposites (the data of the nanocomposite 

with 3 wt% MNPs are shown in Fig. S1 in the SI) monitoring both, the sorption and the 

desorption process, imply that no hysteresis is observed for a relative humidity below 85%. 

In this case, the nanocomposite absorbs up to 6 % of water at αw = 0.8 (relative humidity rh 

= 80 %), as for the pure HEUR film, meaning that the presence of the MNPs does not 

influence the water uptake of the polymer matrix. The presence of water in all the 

investigated samples has to be taken into account in the investigation of their thermal 

behavior and in the interpretation of their dielectric relaxation spectra. 

 

3.2 Thermal behavior: Differential scanning calorimetry (DSC) 

The phase transitions of the pure HEUR polymer film and the nanocomposites with MNP 

concentrations of 1 wt% and 3 wt% were followed using DSC. The DSC curves of all 

samples feature the same phase transitions at the same temperatures. Therefore, for clarity, 

in Fig. 4, the whole DSC curve (heating scans on the top and cooling scans at the bottom) 

is only shown for the pure HEUR film, whereas the DSC heating curves of the 

nanocomposites are shown in Fig. S2 in the Supporting Information (SI). The glass 

transition steps of all samples are shown in the inset in Fig. 4, and the values are reported 

in Table 1. No significant change in the glass transition temperature values (Tg) is 

observed with increasing MNP concentration. This refers to the glass transition 

temperature of the amorphous PEO portion. Looking at the heating curves on the top in 

Fig. 4, with increasing temperature, a double endotherm peak at ~-22 °C may be discerned 

with peaks at -27 °C and at -17 °C, the former one being more intense (indicated by the 

dashed line in Fig. 4). 



13	
	

-100 -50 0 50 100

-60 -40 -20 0

 

T(°C)

endo up

 heating scan I
 heating scan II
 cooling scan I
 cooling scan II
 cooling scan III

T (°C)

no
rm

al
iz

ed
 h

ea
t f

lo
w

 (W
/g

)

 

 

2 W/g

a)
Tg

 

	

-110 -100 -90 -80 -70 -60 -50

no
rm

al
iz

ed
 h

ea
t f

lo
w

 (W
/g

)

+ 3 wt% MNPs
+ 1 wt% MNPs

 

 

T (°C)

pure HEUR film

b)

endo up0.24 W/g

 

Fig. 4 a) DSC heating (scan I from -150 °C to 80 °C, scan II from -150 °C to 90 °C) and cooling 

curves (scan I from 40 °C to -150 °C, scan II from 80°C to -150 °C, scan III from  150 °C to -150 

°C) of the pure HEUR film with 10 °C/min. For clarity, the curves are shifted vertically. The 

dashed line indicates the melting/crystallization peak of the PEO crystallites at ~ -22 °C (the peak 

of the heating scan II is enlarged in the inset). The melting/crystallization peak of the crystalline 

PEO portion is highlighted by the orange rectangle. b) DSC heating thermograms showing the 

glass transition steps of the 3 nanocomposites. For clarity, the curves are shifted vertically. The 

glass transition temperatures Tg are calculated as the midpoint of the heat flow step and are 

indicated by short lines. 
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Sample ΔΗm (J/g) Χc Tg (°C)  Δcp (J/g °C) 

Pure HEUR film 73.7± 2.2 0.37± 0.01 -79 ± 2 0.05± 0.01 

+1 wt % MNPs 75.1± 2.3 0.38± 0.01 -78 ± 2 0.06± 0.01 

+3 wt %MNPs 77.8± 2.3 0.39± 0.01 -80 ± 2 0.04± 0.01 

	

Table 1 Enthalpy of melting ΔΗm , degree of crystallinity Xc
 , calorimetric Tg and heating capacities 

from DSC of the pure HEUR film and of the nanocomposites with 1 wt% MNPs and 3 wt% MNPs. 

 

In previous calorimetric studies on polymer membranes containing water [22], a very 

similar endotherm transition was found in the same temperature range. According to 

previous studies, one might tentatively assign the more intense endotherm peak at lower 

temperature to the melting of the water clusters bound to the polymer chains and the 

second one at higher temperature to the “free” water molecules which are not directly 

bound to the polymer. From the water sorption measurements, we find that, in the relative 

humidity range rh of 40% and 80% (which can be defined as usual conditions), the 

investigated “dry” films contain a certain amount of water (hd between 1% and 6%). 

Therefore, we might also ascribe the observed melting/crystallization peaks at ~-22 °C to 

the water trapped in the polymer matrix. 

However, in order to clarify whether the origin of this endothermic transition at ~-22 °C is 

related to the water content, we acquired DSC cooling curves starting from three different 

temperatures, namely 40 °C, 80 °C and 150 °C (curves I,II and III shown at the bottom in 

Fig. 4). The aim of heating up to different temperatures prior to the run is to affect the state 

of the water absorbed in the film. Especially for scan III, the sample was heated up to 150 

°C in order to be sure that any “clustered” water was fully evaporated.  

In the cooling curves, the low temperature exotherm (corresponding to the “double” 

melting peak in heating) is located in all the scans in the temperature range between -40 °C 
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and -10 °C. The fact that these phase transitions appear similar in shape and that they occur 

at the same temperature in all scans, irrespectively of the water content, suggests that they 

are not related to the crystallization or melting of water. These crystallization/melting 

peaks may rather be attributed to the PEO chains, or PEO crystallites, that experience 

constraints different from the bulk PEO phase, leading to a remarkably strong suppression 

of crystallization. It is worth noticing at this point that, contrary to what would be expected 

in such systems, these crystallization (in the cooling scan) and melting (in the subsequent 

heating scan) peaks appear at the same temperature. Probably, the polyurethane (PU) 

segments interact with these PEO chains, leading to the observed thermal behavior. Due to 

the presence of these PEO crystallites, the system is quite heterogeneous. 

The well-known and documented crystallization/melting of PEO [23] is observed in all 

scans in Fig. 4 at ~50 °C (orange rectangle in Fig. 4) indicating that the HEUR polymer is, 

at least partially, crystalline. The degree of crystallinity of the polymer can be calculated 

by 

𝑋! =
∆!!"#

∗

∆!!"#
!                                                                   (2) 

Where ∆H*PEG is the enthalpy of fusion of the PEG portion of the HEUR polymer (0.095 

kJ/g from the DSC curve) and ∆H0
PEG the enthalpy of fusion of 100% crystalline PEG 

(∆H0
PEG = 0.19 kJ/g) [24]. Similar DSC results were obtained for the nanocomposites (data 

shown in Fig. S2 in the SI). The degree of crystallinity, Xc (with respect to the total 

polymer mass), and the enthalpy of melting. ∆Hm, of all investigated samples are listed in 

Table 1 and demonstrate that the addition of MNPs only slightly affect the degree of 

crystallinity.  

Also in the presence of the MNPs at concentrations of 1 wt% and 3 wt%, the 

crystallization/melting process of the small fraction of PEO displaying strong supercooling 
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is observed between -40 °C and -10 °C. Furthermore, the nanocomposites also show the 

crystallization/melting of the main crystalline PEO portion at ~ 50 °C and the glass 

transitions at Tg ~ -75 °C, as shown in Fig. 4b). 

From the DSC measurements, we conclude that all the investigated systems are very 

heterogeneous. They consist of a main crystalline PEO portion, a small fraction of 

crystalline PEO which crystallizes/melts at lower temperature, and an amorphous part 

which gives rise to the observed glass transition. The MNPs do neither seem to affect the 

relative proportions of these phases nor their dynamics. This result is in agreement with the 

SANS data shown in our previous work [16]: The correlation peak at q = 0.03 Å-1 which is 

related to the domain size of the polymer structure, i.e. the distance between the 

hydrophobic domains formed by the alkyl end groups of the HEUR polymer, does not shift 

with increasing MNP concentration. Therefore, neither the morphology of the sample nor 

its dynamics are affected by the presence of the MNPs. 

 

3.3 Dynamic behavior in the temperature domain: Thermally stimulated 

depolarization current (TSDC) measurements  

In order to investigate the dynamics of the systems under investigation in the temperature 

domain, TSDC measurements were performed. The thermograms of the pure HEUR film 

and of the nanocomposites at two different polarization temperatures, i.e. Tp = 20 °C and at 

Tp = -60 °C are shown in Fig. 5. At T ~ 20°C, a very high depolarization current, In ,is 

observed and reveals strong dc electrical conductivity for all the investigated samples. 

Besides the conductivity contribution, for all the samples, 2 dielectric dispersions are 

found. Starting from low temperatures, in the global TSDC thermograms obtained with Tp 

= 20 °C and Tp = -60 °C, we observe a peak (indicated by an arrow in Fig. 5) at ~ -75 °C 

for the pure HEUR sample and at ~ -79 °C  and ~ -80 °C for both nanocomposites. This 



17	
	

dispersion is attributed to the so-called α-relaxation of the polymer, corresponding to the 

dynamic glass transition of the amorphous PEO, and its peak temperature is a good 

measure of the calorimetric Tg [25, 26]. 

 

In contrast to the TSDC results, no decrease of Tg with increasing MNP concentration is 

observed in the DSC data (Fig. 4b)), but rather a step at ~ -75°C for all the samples. We 

need to consider that the dispersion peak in the TSDC thermograms is affected by the 

depolarization current; thus, the observed decrease in the peak temperature cannot be 

attributed to a decrease in the glass transition of the amorphous PEO in a straightforward 

manner. At higher temperatures, an additional dispersion is observed with the peak 

temperature depending on the polarization temperature, Tp: It is located at ~ -45 °C for Tp 

= 20 °C, and at ~ -55°C for Tp = -60 °C, indicated by the arrows in Fig. 5. The dependence 

of the position of this process on the polarization temperature implies that a charge 

polarization process may contribute to the electric dispersion. We also need to consider 

that the temperature at which this dispersions occurs corresponds to the onset of the 

	

 

Fig. 5. TSDC thermograms of a) the pure HEUR film,b) the nanocomposites with 1 wt% MNPs and 

c) with 3 wt% MNPs polarized at Tp = 20 °C (black curve) and at Tp = -60 °C (red curve). The peak 

temperatures dispersions are annotated. 
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melting/crystallization process at ~ -40 °C, as detected in the DSC measurements (Fig. 

4a)). We remind here that we attributed this process to the melting/crystallization of 

strongly supercooled, small PEO crystallites that coexist with the main crystalline PEO 

phase and the amorphous PEO phase. Therefore, at this temperature, the sample is strongly 

heterogeneous. Thus, the detected dispersion at ~ -45 °C may be attributed to a dipolar-like 

process as the Maxwell-Wagner-Sillars (MWS) polarization which usually occurs in 

samples which are microphase-separated [27].	

 

3.4 Dynamic behavior in the frequency domain: Dielectric relaxation spectroscopy 

(DRS) measurements 

The dielectric relaxation spectroscopy measurements were performed in order to 

investigate the molecular dynamics of the systems. The dielectric loss spectra of the pure 

HEUR film at selected temperatures are shown in Fig. 6 (the dielectric loss data of the 

nanocomposites are shown in Figs. S3 and S4 in the SI).	
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Fig. 6. Dielectric loss (ε”) data of the pure HEUR film. The blue arrow indicates the segmental 

relaxation of the polymer (α), the red one the secondary γ-process and the green one the 

conductivity contribution. 
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Following those spectra starting from low temperatures, we observe between -85°C and -

45°C a weak relaxation process at frequencies of ~ 105 Hz. This process is attributed to the 

crankshaft motion of the methylene sequences in the PEO chain [28, 29], often termed as 

the γ-relaxation. At -65°C, a stronger relaxation enters the experimental window from the 

side of low frequencies. The α-relaxation in PEO has previously been observed at –50 °C 

at 100 Hz [30]. Since the observed relaxation process is located in the same frequency 

range, we ascribe it to the α-relaxation of the amorphous PEO portions in the HEUR 

polymer, associated to its dynamic glass transition. At even lower frequencies (0.01 Hz – 1 

Hz) and higher temperatures, a steep decay related to the DC-conductivity dominates the 

spectra, especially between -20 °C and 25 °C.  

In the following, we will show that more relaxations coexist in the DC-conductivity 

dominated region. At this point, we would like to stress, that none of the 3 secondary 

relaxations, δ, γ and β that are typically observed in PU-based systems [31, 32] are found in 

the present systems. Instead, the dielectric spectra are dominated by the PEO contribution. 

By comparing the dielectric loss data (ε”) of the 3 films with increasing MNP 

concentration at the same temperature, it is possible to observe differences in the dielectric 

behavior of the systems. For instance, in Fig. 7, we show the dielectric loss data of the 3 

films at -45 °C. It is possible to observe an increase of the imaginary permittivity ε” in the 

low frequency range (0.01 Hz-1 Hz) as well as a moderate shift of the relaxation 

“shoulder” (black arrow in Fig. 7) to higher frequencies with increasing MNP 

concentration. This may be related to an acceleration of the segmental dynamics in the 

presence of nanoparticles, but may also just be an apparent acceleration due to the 

influence of the increased conductivity in the dielectric spectra of the nanocomposites. 
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Fig. 7. Comparison of the dielectric loss data, ε”, of the 3 samples with increasing MNP 

concentration at -45 °C. The black arrow indicates the position of the shoulder related to the α-

process. 

 

 

 

3.4.1 Analysis of the DRS results 

In order to quantify the effects on the segmental mobility and to investigate in detail the 

frequency region dominated by the conductivity, we performed an analysis based on fitting 

appropriate model functions. The dielectric loss spectra were fitted by a sum of Havriliak-

Negami (HN) model function terms of the form: 

𝜀∗ 𝜔 − 𝜀∞ =
∆!

!! !!!!" ! !                                            (3) 

 

where τHN =1/𝜔!" is the characteristic relaxation time of each relaxation, Δε= ε∞ - εo is the 

strength of the dielectric process, with ε∞ being the limit of the dielectric constant at high 

frequencies and εo the vacuum permittivity, and the exponents α and β (0 < α, β < 1) are 
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shape exponents, corresponding to the width and asymmetry of the peak, respectively. 

Values α = β = 1 correspond to a single relaxation time causing a Debye peak.  

From the data fitting, the relaxation time at the maximum of the processes, τmax = 1/ωmax, is 

extracted as: 

𝜔!"# = 𝜔!"
!"# !!! !

!!!!

!"# !!! !"
!!!!

!/(!!!)

                                               (4) 

The effect of the conductivity in the temperature range between -80°C and 25°C was 

accounted for in the fit of the ε” spectra by including a term of the form: 𝑖𝜎/𝜔!𝜀!.with σ 

being the DC-conductivity of the material and c is an exponent with a value close to 1 [33, 

34]. 

We fitted all the data by one relaxation process for the data collected between -35 °C and 

25°C and two relaxation processes for the data collected at lower temperatures, i.e. -45°C, 

-55°C and -65°C. Two examples of the fit with two relaxation processes at -45°C and at -

65°C for the pure HEUR film are shown in Fig. 8. 

Fig. 8. Example of the fitting curves for the pure HEUR film at a) -45 °C and b) -65 °C. At -45 °C, 

the contribution of the conductivity is shown. At -65 °C, the contribution of the γ-relaxation is 

better visible (the contribution of the conductivity is not shown in order to emphasize the 

contributions of the relaxation processes). 
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Of particular interest are the results about the involved time scales, τ, which are given in an 

Arrhenius map in Fig. 9. For comparison, in the same plot, we also include the 

temperatures of the TSDC peaks, at the equivalent relaxation time of 100 s. 

-15

-10

-5

0

5

3.0 3.5 4.0 4.5 5.0 5.5 6.0

 pure HEUR film
 1 wt% MNP
 3 wt% MNP
VFTH

        Arrhenius

ln
(τ

m
ax

) (
s)

TSDC

MWS 
τM"

γ-relaxation

α-relaxation

 1000/T (K-1)

 

 
		 

Fig. 9. Relaxation map showing the main processes and related fitting curves found for the 3 

samples (pure HEUR polymer and nanocomposites), namely the VFTH-like polarization process 

(Mawell-Wagner-Sillars), the VFTH-like segmental relaxation (α) and the Arrhenius-like 

secondary relaxation (γ). τM” indicates that the relaxation times of the MWS polarization process 

are obtained from the M” data (Fig.10). The details about the MWS process are discussed in the 

paragraph 3.4.2. Representative VFTH and Arrhenius fits are for the sample with 3 wt% are also 

shown. The dispersion peaks at -55 °C observed by TSDC are plotted at the equivalent relaxation 

time of 100 s. 

 

The γ-relaxation follows an Arrhenius behavior: 

𝜏 = 𝜏!𝑒!! !"                                                       (5) 

Where ΕA is its activation energy. This confirms its local nature.  
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On the other hand, for all the samples, the main relaxation process occurring in the whole 

analyzed temperature range shows the Vogel-Fulcher-Tamman-Hesse (VFTH) temperature 

dependence: 

𝜏 = 𝜏!𝑒!!! !!!!                                                       (6) 

 

where τ0, D and T0 are fitting parameters. The Vogel temperature T0 is related to zero 

fraction of free volume of the cooperatively rearranging region. It is usually 30-40 °C 

below the glass transition temperature. This temperature dependence is typical of 

cooperative processes, i.e. the α-process (dynamic glass transition) [33]. 

 

In order to compare the DRS results with those from TSDC and DSC, we use the so-called 

dielectric glass transition temperature, Tg,diel. It is calculated by extrapolation of the VFTH 

fits (equation 6) to a standard relaxation time of 100 s. The glass transition temperatures Tg 

of the films are reported in Table 2 and it is not affected by the MNP concentration in the 

polymer film. Therefore, we conclude that the presence of MNPs has no remarkable effect 

on the time scale of the main process in the nanocomposites. The glass transition 

temperatures calculated with equation 7 are within the uncertainties in agreement with the 

experimental values obtained by DSC. 
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A difference in the VFTH fits is revealed by the limiting values of the relaxation time for 

infinite temperature, τ0 (Table 2). It increases with increasing the MNP concentration.  The 

quantity τ0 is usually assumed to be equal to a typical phonon frequency, which is of the 

order of 2-10 THz [33]. Deviations from the expected range of τ0 can be explained by a 

transition to a different temperature dependence at very high temperatures. Another 

interesting difference in the relaxation map regards the γ-relaxation detected at low 

temperatures [35]. Despite the limited number of experimental points related to the γ-

relaxation, we fit them using the Arrhenius equation (eq. 5), and obtained the activation 

energy values EA(γ) reported in Table 2. The results suggest a slightly elevated activation 

energy for the nanocomposite with 3 wt% MNP concentration. We believe that this effect 

might be related to the changes in nano-morphology as demonstrated by the slight increase 

of the degree of crystallinity (Table 1) and the changes in the degree of microphase 

separation [16]. The methylene sequences, whose crankshaft motion gives rise to the γ-

relaxation, are expected to face in the interfaces different energy landscapes that inhibit 

slightly their mobility. The same kind of effects on the activation energy of the γ-

relaxation, was observed in PU systems [36]. In general, the relaxation map shows no big 

difference between the dynamics of the pure HEUR film and the nanocomposites, meaning 

that the MNPs do not seem to influence the dynamics of the HEUR polymer. This is most 

MNP concentration 
(wt%)	

EA (γ)  
(KJ/mol) 

Ta,TSDC (°C) Tg,diel (°C)  D  τ0 (ns) T0 (°C) 

0	 11.3 ± 0.7 -75 ± 5 -71.1 ± 1.2 3.3± 0.5 71 ± 3 -98.3 ±1.6 
1	 11.1 ± 0.3 -80 ± 5 -71.5 ± 5.7 2.8 ± 0.6 250 ± 30 -97.4 ±2.9 
3	 16.5 ± 0.9 -80 ± 5 -67.3 ± 7.1 1.5 ± 0.8 680 ± 90 -81.4 ±6.7 

	

Table 2. Activation energies EA related to the γ-process, Tα from TSDC, Tg,diel calculated from the VFT 

fits, and the parameters used in the VFTH fits of the α-relaxation. 	
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probably due to the fact that the MNPs, being coated with oleic acid and oleylamine, 

interact mainly with the hydrophobic ends of the telechelic HEUR polymer. Therefore, 

they do not influence the motions associated to the main PEO (polar) chain. This result is 

in agreement with the structural characterization previously performed by SANS 

measurements [16] in which we did not observe any influence of the MNPs on the domain 

spacing of the polymer matrix. Therefore, the MNPs addition neither affects the structure 

nor the dynamics of the polymer matrix. This means that the morphology is not modified 

and that the fragility of the material is not increased upon the addition of MNPs. However, 

as detailed below, the MNPs have an effect on the conductive behavior of the materials. 

 

 

3.4.2 High conductivity region – charge transport effects 

In the following section, the details about the MWS relaxation are discussed. Increasing the 

temperature to the range -20 °C to 25 °C, a very high conductivity contribution is observed 

in the low frequency region. This region, however, cannot be fitted adequately by a simple 

DC-conductivity process. In addition, following the results by TSDC, one more relaxation 

is expected in this temperature range. For conductive systems, it is advantageous to 

describe the conduction mechanism using the formalism of the electrical modulus 

𝑀∗ 𝜔 =  1/𝜀∗(𝜔) [37, 38]. In the following, by comparing different formalisms for the 

description of the dielectric response, we will try to extract information on the underlying 

mechanisms. 

In Fig. 10, the dielectric loss data of the pure HEUR film at 10 °C are shown together with 

the corresponding M’’(ω) data. They exhibit a low-frequency peak, highlighted in Fig. 10 

with a magenta arrow. The peak at higher frequency (indicated by the blue arrow) is 
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attributed to the segmental relaxation associated with the glass transition of the amorphous 

PEO, i.e. the α-relaxation.  
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Fig. 10. Example of the fitting curve (at 10 °C) used for the dielectric loss data of the pure HEUR 

film in the temperature range between -15 °C and 25 °C. The corresponding data in the modulus 

representation are shown, and the assigned relaxation processes are highlighted (see text). 

 

In Fig. 11, we show the M’’(ω) curves at 4 different temperatures, namely 20 °C, 5 °C, -10 

°C and -20 °C, where we observe very high conductivity in the corresponding dielectric 

loss data. It is known that the M’’(ω) curves should exhibit low frequency peaks at 

frequency ωmax, at the crossover frequency of the corresponding conductivity data, σ’(ω). 

The crossover frequency in the conductivity data is the frequency value where the σ’(ω) 

curves start to change from the dc plateau values at lower frequencies to the power law 

dependence at higher frequencies [39]. We compare the M’’(ω) curves with the 

conductivity data σ’(ω) in Fig. 11, and the crossover frequency is highlighted in the 

conductivity data. The expected peak at such crossover frequencies in the electrical 

modulus formalism are the manifestation of the so-called conductivity relaxation [37]. 

However, in the case of the pure HEUR film we note that, except for the data at -20°C, the 

maximum frequency of the low-frequency peak in the M’’(ω) is located at higher 
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frequency than the crossover of the conductivity data (see dashed lines in Fig.11). For the 

nanocomposites, we observe the same “shift” of ωmax of the low frequency peak in the 

M’’(ω) curves to a higher frequency than the crossover frequency in the σ’(ω) curves, also 

at -20°C. In this case, the peak at low frequency in the modulus formalism is not very well 

separated from the one related to the α-process, as it is for the pure HEUR film.  

This result suggests that another process occurs in the low frequency region in addition to 

the conductivity relaxation. This process is most probably due to an interfacial polarization 

mechanism, because of the low frequency region of occurrence (10-1-10 Hz), probably of 

the type of the Maxwell-Wagner-Sillars (MWS) which occurs typically in systems 

comprised of regions with different conductivities [27].  

 

Fig. 11. Real part of the conductivity σ’ and imaginary part of the modulus M” as a function of the 

frequency of a) the pure HEUR film, b) with 1 wt% MNPs and c) with 3 wt% MNPs at 4 different 

temperatures (20 °C, 5 °C, -10 °C, -20 °C). The dashed arrows connect the maxima of the M”(ω) 

curves at low frequency with the crossover frequency in the conductivity data which are marked by 

short vertical lines.  
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Additional information about the processes occurring in the low frequency region in the 

temperature range between -20°C and 25°C can be extracted from the first derivative of the 

real part of the dielectric permittivity ε’’der = δε’/δlnω. The ε’’der data turn out to be useful 

for systems which exhibit low-frequency relaxations alongside an appreciable Ohmic 

conductivity [40], as the ε’(ω) values are in principle not affected by the Ohmic 

conductivity, and according to the Kramers-Kroning relationships, its derivative is 

proportional to the part of ε’’(ω) which arises from dipolar processes. Indeed, in the 

derivative formalism, the relaxation processes visible in the dielectric loss data appear as 

sharper peaks and without the conductivity contribution [41].  In Fig. 12, we compare the 

dielectric loss data ε” and the corresponding derivative data δε’/δlnω at 20°C for the pure 

HEUR film (the data of the nanocomposites show identical results).  
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Fig.12 Dielectric loss data ε” (black squares) and derivative of the real part of the permittivity δε’ 

(red squares) at 20 °C for the pure HEUR film. The processes detected in the derivative data (the α- 

process and the MWS polarization process) are highlighted by the arrows.  

 

From the derivative ε’’der = δε’/δlnω data, we identify three processes. The one occurring 

at high frequencies (~105 Hz) is the α-relaxation of the polymer as observed earlier in the 
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conventional dielectric loss data. At low frequencies, we observe two shoulders which are 

not visible in the ε’’ formalism, namely at ~10-1 Hz and at ~70 Hz, respectively 

(highlighted by a green arrow in Fig. 12). The origin of the process at ~10-1 Hz is not yet 

completely understood. In the TSDC measurements, we observed a dispersion depending 

on the polarization temperature at T ~ -45 °C and at T ~ -55 °C at low frequency (~10-1 

Hz), which originates from a charge polarization process. The low-frequency processes 

observed in the modulus and in the derivative formalisms can be associated to the 

dispersion found in TSDC. Thus, they could originate from a polarization mechanism, 

most likely of the type of MWS, since it usually reflects a microphase separation within the 

sample [42, 43]. According to previous small angle neutron scattering data of the 

investigated HEUR polymer-based nanocomposites [16], indeed, a microphase separation 

is observed. It originates from the phase separation between the hydrophobic domains 

(composed of the alkyl ends of the HEUR telechelic polymer) and the hydrophilic 

backbone of the polymer chain, mainly composed of PEO. The addition of the MNPs up to 

3 wt% leads to the formation of clusters of MNPs. On the other hand, according to the 

DSC and TSDC measurements, the pure HEUR film, as well as the nanocomposites, are 

characterized by high heterogeneity mainly caused by the PEO portion which is present in 

three phases: (i) the amorphous PEO, giving rise to the glass transition at ~ -75 °C, (ii) 

small crystalline PEO regions where strong confinement of the PEO chains occurs and (iii) 

the main crystalline PEO phase which gives rise to the melting process at ~ 50 °C. 

Therefore, we tend to attribute the MWS interfacial polarization process, which contributes 

to the detected low-frequency dispersions, to the heterogeneity of the PEO domains.   

 

The dispersion process observed in the TSDC data at -55 °C, which we assigned to the 

MWS polarization process (Fig. 5), most likely corresponds to the relaxation process 
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detected in the derivative of the real part of the permittivity ε’’der at ~ 102 Hz (indicated by 

the green arrow in Fig. 12). We do this assignment also taking into account the frequency 

where the peak at low frequency occurs in the modulus representation (Fig. 10, magenta 

arrow), which is at fmax ~ 600 Hz. In fact, the ωmax values of the relaxation processes 

detected in the modulus representation are shifted to higher frequencies than in the 

permittivity formalism [33]. In the Arrhenius plot presented in Fig. 9, we included the M’’ 

peak frequencies of the slower component of the composite peak which corresponds to this 

low frequency peak in ε’’der. Its trace follows a VFTH temperature dependence and agrees 

well with the peaks observed with TSDC around -55°C. This implies that the dispersion 

observed in the TSDC data corresponds to the same mechanism as the one detected in the 

DRS data in the temperature range between -20°C and 25°C.  

The origin of the smaller relaxation at ~10-1 Hz is yet unclear, however it may be related to 

slower dynamics of PEO at the interfaces between amorphous and crystalline domains (the 

so called α’) or in amorphous areas inside the crystallites (the so-called αC) [44-46].  

 

3.4.3 Comparison of the conductivity data of the pure HEUR film and the 

nanocomposites – polymer conductivity effect 

In the high temperature region of the Arrhenius map shown in Fig.9, it is possible to 

observe a faster dynamics for the nanocomposite with 3 wt% MNPs. In fact, the relaxation 

times τM” associated to the interfacial polarization mechanism (MWS-relaxation) are 

smaller than those of the other two samples. This effect on the relaxation times τM” of the 

MWS relaxation can be explained by considering the proportionality between the 

relaxation time and the conductivity, σ’, of the material. In particular, the relaxation time is 

known to be inversely proportional to the conductivity of the sample [33]. Indeed, looking 

at the conductivity data, σ’, at -10°C shown in Fig. 13, we may observe that the plateau of 
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the conductivity profile is one order of magnitude higher for the sample with the 3 wt% 

MNPs than for the other two samples.  
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Fig.13 Conductivity data σ’ (S/cm) of all the investigated samples at -10 °C.  

 

The increase of the conductivity for the nanocomposite containing 3 wt% MNPs, is 

reflected also in the increase of the permittivity value, ε”, as seen in Fig. 7.   

In order to understand the origin of such a steep increase of the conductivity upon an 

increase of the MNP concentration to 3 wt%, we constructed the Arrhenius plot for the 

conductivity by plotting the conductivity plateau values as a function of inverse 

temperature (Fig. 14). The Arrhenius plot gives information about the conductivity 

mechanism occurring in the samples. However, as shown in Fig. 14, for all the samples, 

the conductivity shows the same kind of temperature dependence, i.e. a VFTH-like, with 

only small differences in the curves. Therefore, the conductive mechanism occurring in the 

films must be the same for all the samples. 
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Fig. 14 Arrhenius map of the conductivity for all the samples. The dashed lines are guides for the 
eyes. 

 

The fact that, upon addition of MNPs, we observe the same kind of conductive mechanism 

as in the pure HEUR film, implies that the MNPs affect only indirectly the conductive 

phase of the film, which is the amorphous PEO phase. In the structural characterization of 

the nanocomposites [16], we observed the formation of large clusters of MNPs at an MNP 

concentration of 3 wt% (Fig. 15). However, single MNPs coexist with the MNPs clusters 

in the final nanocomposite formulation (Fig.15 b)), indicating that the HEUR polymers 

partially disperse the hydrophobic MNPs. As observed in our previous work on the 

dynamics of HEUR hydrogel network with embedded MNPs [47], the presence of the 

MNPs clusters close to the hydrophobic domains of the network leads to a “dilution” of the 

polymers near the hydrophobic domains, allowing a higher mobility of the polymer 

backbone. Indeed, in presence of the big clusters of MNPs, the hydrophobic domains 

become larger, leading to a considerably different grafting of the sticky hydrophobic ends 

of the polymer on the hydrophobic domains. This gives more space to the amorphous PEO 

to re-arrange. We believe that we observe the same effect in the dry films, thus, the higher 
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degrees of freedom gained by the amorphous PEO allows an easier charge transport, 

leading to the observed increase of the conductivity. 	

 

  

 
Fig.15 TEM image of the HEUR dry film with a concentration of MNPs of 3 wt% showing a) large 

cluster of MNPs and b) large clusters of MNPs coexisting with single MNPs, indicating that the 

HEUR polymer matrix partially disperses the MNPs 

 

4. Summary and conclusions 

The dynamics and the thermal behavior of nanocomposites composed of HEUR polymer 

and coated magnetite nanoparticles are investigated with DSC, TSDC and DRS 

measurements. Nanocomposites as dry films are studied and are compared with a pure 

HEUR film which serves as a reference. The thermal behavior is investigated using DSC, 

and three main phase transitions are detected, revealing a high heterogeneity for all the 

investigated samples: (i) the glass transition of the amorphous PEO portion at ~ -75 °C, (ii) 

the crystallization/melting between ~ -40 °C and ~ -10 °C of the PEO crystallites which 

experience different constrains as compared with the PEO bulk phase, and (iii) the 

crystallization/melting at ~ 50 °C of the crystalline PEO phase. The pure HEUR sample is 
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found to be semi-crystalline with a degree of crystallinity of 37 % with a water content of 6 

% (at relative humidity rh = 80%). 

The dynamics of all samples are investigated by employing TSDC and DRS methods. 

TSDC measurements, directly related with DSC experimental findings, reveal the 

existence of two main dispersions. The one at ~ -75 °C, which does not depend on the 

polarization temperature, Tp, is attributed to the segmental relaxation of the amorphous 

portion of PEO (α-relaxation). The second dispersion observed at higher temperature, 

namely at ~ -5°C, has been found to depend on Tp, meaning that a dipolar-like mechanism, 

like the Mawell-Wagner-Sillar (MWS) polarization process may be involved. The MWS 

process is usually observed when the sample is microphase-separated. Because of the high 

heterogeneity of the investigated samples detected previously [16], this was expected. 

Finally, the TSDC measurements revealed a strong DC electrical conductivity at T ~ 20 °C. 

The contribution of the high DC electrical conductivity is visible also in the DRS data, 

especially in the temperature range between -20 °C and 25 °C, giving rise to a very high 

imaginary permittivity, ε”, at low frequency. Because of this strong DC-conductivity 

contribution, the analysis of processes occurring in the low-frequency range is carried out 

considering the electrical modulus and the derivative formalisms. The M”(ω) curves reveal 

the contribution of additional low-frequency processes to the conductivity relaxation. Two 

low-frequency processes, not visible in the dielectric loss data, ε”, are detected also in the 

derivative of the real part of the permittivity, ε’. These results confirm the occurrence of 

the low-frequency processes revealed by TSDC, and show that they are probably due to a 

polarization mechanism, like the MWS polarization, which is characteristic of 

heterogeneous systems. From the dielectric measurements, three relaxation processes are 

detected: (i) at -20 °C < T < 25 °C, a low-frequency process, which we suggest to be 

related to the MWS polarization; (ii) at -65 °C < T < 25 °C the α-process associated to the 
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dynamic glass transition of the amorphous PEO; and (iii) at T < -55 °C, the γ-process, 

attributed to the crankshaft motion of the methylene groups.  

No influence of the addition of MNPs to the pure HEUR film on the α-relaxation of the 

HEUR polymer was observed. This means that structural properties of the material, such as 

the glass transition Tg and its fragility, are not affected by the presence of the MNPs. This 

result is in agreement with the structural characterization of the nanocomposites, which 

revealed no change in the domain spacing of the polymer network with increasing 

concentration of MNPs [16]. We believe that the MNPs do not influence the α-relaxation 

of the HEUR polymer because, being coating with an hydrophobic shell, they interact 

mainly with the its hydrophobic ends and not with the amorphous PEO portion, Therefore, 

the change of polarity of the MNPs coating could probably lead to stronger interactions 

with the PEO chains, resulting in a modification of the dynamics of the nanocomposites 

compared to the pure HEUR film. On the other hand, the addition of MNPs influences the 

γ-relaxation at low temperatures. In particular, we observe an increase of its activation 

energy EA(γ) for the nanocomposite with 3 wt% MNP concentration. We ascribe this effect 

to the slight increase of the crystallinity degree of the PEO portion (Table 1) upon 

increasing the MNP concentration. We believe that the increase of the crystallites size 

inhibits the crankshaft motion of the methylene sequences of the polymer backbone.  

Finally, we observe a steep increase of the DC-conductivity in the temperature range 

between -20 °C and 25 °C upon increasing MNP concentration. We ascribe this increase to 

the formation of large clusters of MNPs (Fig. 15) which leads to a lower “grafting density” 

of the hydrophobic ends of the HEUR polymer than in the case of the pure film 

(characterized by smaller hydrophobic domains). The lower polymer concentration near 

the clusters allows the polymer to re-arrange more easily, thus, promoting the charge 

transport. This effect leads to an increase of the conductivity of the system.  Despite the not 
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perfect MNPs dispersion into the polymer matrix, as visible in Fig.15, we manage to 

achieve two main results upon the addition of MNPs : the increase of the conductivity and 

the keeping of the glass transition temperature. The combination of these features allows 

the use of these nanocomposites for applications that require high conductivity without 

increasing the fragility of the material. 
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