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Abstract  

 

The molecular dynamics of a series of biomedical poly(dimethylsiloxane)(PDMS)-based 

thermoplastic polyurethane nanocomposites (TPU) containing low and high aspect ratio 

organosilicates was investigated using broadband dielectric spectroscopy (DRS). The 

microphase separated morphology and degrees of separation, extensively characterized in a 

previous publication, were used to aid the interpretation of the molecular dynamics. Three 

relaxations were identified in dielectric spectra of the neat host TPU and nanocomposites over 

the measured temperature and frequency range: the low temperature process associated with 

local motion of the PDMS phase (α1), the higher temperature process which is associated with 

the mixed phase segmental motion (α2), and Maxwell –Wagner – Sillars (MWS) interfacial 

polarization (α3) process. The incorporation of organoclays has previously been shown to 

influence the morphology of these TPU systems, consequently affecting their dielectric 

behaviour.  In this work the segmental relaxation time and temperature of 1, 2, and 3 process 

of the TPU are significantly altered by the presence of the low aspect ratio organo -hectorite. 

These significant changes in the TPU dynamics were due to very strong interactions between the 

exfoliated organo-hectorite and the TPU matrix, with the low aspect ratio nanofiller effectively 

acting as an interfacial compatibilizer. The dielectric spectroscopy data confirmed the existence 

of phase mixing in the E5-325 TPU containing organo-hectorite. 
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Introduction 
 

In today’s world, thermoplastic polyurethanes (TPUs) are one of the most versatile 

materials. TPUs have increasingly been used in a wide range of applications for several decades 
because they offer the widest variety of chemical and physical properties [1]. TPUs have found 
extensive use in numerous commercial applications such as adhesives, sport equipments,  
synthetic leathers, coatings, sealants, foam, membranes, foams and biomedical applications 
because of the wide range of compositions possible [1-3]. The poly(dimethylsiloxane) (PDMS) / 
poly(hexamethylene oxide) (PHMO)-based TPUs represent potential candidates for biomedical 

application due to their exceptional mechanical properties, biocompatibility and biostability 
[4, 5]. This PDMS/PHMO based TPUs may have high potential to achieve immense physical, 
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mechanical and thermal properties when added with a little amount of nanofiller, thus have a 

great deal of interest in recent years [5-7]. 
The morphology of the PDMS/PHMO-based TPU is quite complex due to the 

multiphase structure and chemical heterogeneity induces by immiscibility of the mixed soft 
segment [4, 5]. The macroscopic and microscopic properties depend on the nature of both soft 
and hard phase and the degree of phase mixing between both domains [4, 5]. The addition of the 
chemically modified nanosilicate into this TPU system increases the complexity of the structure. 

It is generally accepted that the improved properties of polymer nanocomposites are related to 
modification of the structure and molecular dynamics of the polymer due to the interaction with 
the filler surface [8-14]. A better understanding of these relationships may provide a basis for 
understanding for tailoring and improving the properties at the molecular level. 

Broadband Dielectric Relaxation Spectroscopy (DRS) analysis is an established 
technique to study the molecular dynamics of polymers due to the fact that response over a broad 

frequency range from the milli to mega Hertz region can be tested. This broad frequency range 
allows us to measure different characteristic (relaxation) times and correspondingly, different 
length scales on which dipolar motion occurs in each TPU sample under investigation, by using 
the molecular mobility as a probe of the structure [15]. For each sample, the shape of permittivity 
and dielectric loss spectra obtained from DRS are strongly related to their structure and chemistry. 

Several studies on dynamics of polymer nanocomposites through dielectric spectroscopy 

analysis revealed that fine dispersion of the nanoparticles and their strong hydrogen bonding 
interaction with the polymer matrix gave rise to reduction of molecular mobility [14, 16-19]. This 
is in very good agreement with the results obtained from DSC and thermally stimulated 
depolarization currents (TSDC). The exfoliation and intercalation of organosilicate was found to 
influence the dielectric properties and tensile behavior of Polyetherimide (PEI) nanocomposites 
[20], while the works by Tsonos et al. [21] and Castagna et al. [22] emphasized the importance of 

DRS analysis in characterizing the microphase mixing process in the microphase separated TPU. 
We have published an extensive study on a series of biomedical PDMS-based TPU 

nanocomposites containing organosilicates with a hydrophobic octadecyltrimethyl ammonium 
(bromide) (ODTMA) modification [23]. In continuation of this work, the present study aims to 
investigate the effect of organoclay addition on the molecular dynamics of the same E5-325 TPU 
system, in an attempt to develop an in-depth understanding of chemistry and molecular dynamics 

relationships at play in these materials. Although some research using dielectric spectroscopy on 
TPU has been reported, the present work is the first time that the dynamics have been investigated 
on the PDMS-based TPU nanocomposites, where all of the important details of mechanical 
properties and morphology are also known. 
 
Materials and Methods 

 
Materials 

ElastEon E5-325 TPU consists of a 1000 g/mol poly(dimethylsiloxane) (PDMS) and 700 
g/mol poly(hexamethylene oxide) (PHMO) mixed soft segment in a 98:2 (w/w) ratio, and a hard 
segment composed of alternating 4,4’-methylene diphenyl diisocyanate (MDI) and 1,4 butanediol 
(BDO) sequences. The hard segment concentration is 32.5 wt%. This TPU was supplied by 

AorTech Biomaterials Pty Ltd. Hectorite (Lucentite SWN), which is a synthetic trioctahedral 
smectite was supplied by Kobo Products, Inc. It is a white powder with the chemical formula 
Na0.66[Si8(Mg5.34Li0.66)O20(OH)4]-0.66 and an average particle diameter size of approximately 30 to 
50nm. Fluoromica (Somasif ME100), which is a synthetic mica (tetrasilicic trioctahedral 
fluoromica) was supplied by Kobo Products, Inc. It is a white fine powder having an average platelet 
size of approximately 650 nm23 with the chemical formula Na0.66Mg2.68(Si3.98Al0.02)O10.02F1.96. This 

comparison of nanosilicate aspect ratio is an important part of this study. The surface modification 
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of the nanosilicate was performed by exchanging with octadecyltrimethyl ammonium (bromide) 

(ODTMA) using a previously published method [23, 24]. 
 
Sample preparation 

TPU nanocomposites with two different types of ODTMA modified nanosilicates; 
ME100 (ME) and Lucentite (Lu) were prepared in 2 wt% and 4 wt% compositions. The TPU was 
prepared as a 5 wt% solution in dimethylacetamide (DMAc), while the appropriate nanosilicate 

was prepared as a 5 wt% solution in toluene. To ensure dispersion, the nanosilicate was placed in 
a small glass bottle in an ultrasonic bath for approximately 1 hour. The sample was then dispersed 
further by a high energy ultrasonic probe for two minutes of exposure, and then followed by 
another hour of dispersion in the ultrasonic bath. These steps were done to ensure a high level of 
swelling in the nanoclays before homogenizing. The dispersed nanosilicate was added to solution 
of TPU in DMAc. This was done to give a final composition of 2 and 4 wt% of nanofiller loading 

in the TPU. The combined solution was then mixed vigorously for 1 minute in a high-shear 
homogenizer, followed by stirring overnight at room temperature with a magnetic stirrer. The 
solution was then poured into a glass mould. The films were dried at 60 °C for approximately 72 
hours under a nitrogen purge. The solvent cast films were then annealed under vacuum at 85 °C 
for approximately 5 hours and left to age for at least a week prior to testing. In subsequent 
discussion, these nanocomposites are referred to as 2MEO, 4MEO, 2LuO and 4LuO. The initial 

number denotes the nanosilicate wt% loading (2 or 4) in the TPU. The first two letters represent 
type of nanosilicate used (ME=ME100, Lu=Lucentite), and the last letter (O) represents the 
ODMTA surface modification. 

 
Broadband Dielectric Relaxation Spectroscopy (DRS) 

Dielectric constant (') and loss (") were collected isothermally using a Novocontrol 
GmbH Concept 40 broadband dielectric spectrometer in the frequency domain from 0.01 Hz -10 

MHz in the range of −100 to 120 oC. Temperature stability was controlled within 0.5 oC. Sample 
films were sandwiched between brass electrodes of 10 mm diameter.  

The relaxation time HN was obtained by fitting the isothermal dielectric loss "(f) curves with the 
Havriliak-Negami (HN) function. The sum of multiple HN functions and a dc loss contribution 
were used to fit the experimental loss curves [25] :  
 

𝜀∗(𝜔) = 𝜀′(𝜔) − 𝑖𝜀"(𝜔) = 𝜀∞ − 𝑖
𝜎0

(𝜀0𝜔)𝑠 + ∑
𝛥𝜀

[1 + (𝑖𝜏𝐻𝑁𝜔)𝛼]𝛾 (1) 

 

where , , and  are the complex, real and imaginary components of the dielectric 

permittivity, respectively; the dielectric relaxation strength  =  - s, where  and s are the 

dielectric constants at limiting high and low frequencies, respectively. 0 is the dc conductivity 

(S/cm);  is the angular frequency; HN is the characteristic relaxation time; and  and  are shape 
parameters, indicative of the breadth of the relaxation and peak asymmetry, respectively. The 

exponents characterize the conduction process. The frequency maxima max can be calculated 
from the following equation [26]:  

 

𝑓𝑚𝑎𝑥 =  
1

2𝜋𝜏𝐻𝑁
[
sin (

𝛼𝜋
2 + 2𝛾

)

sin (
𝛼𝛾𝜋

2 + 2𝛾
)

]

1
𝛼⁄

 (2) 

 
To remove the impurity ion motion above Tg, the dielectric loss was calculated from the 

first derivative of   which has been shown for relatively broad relaxations to provide a good 
estimate of the conduction-free dielectric loss [27]:  
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Results and Discussion 

 
Dielectric Relaxation Spectroscopy (DRS) of E5-325 TPU matrix and nanocomposites 

Generally, the dielectric spectrum of the TPU over broad frequency range shows 
multiple relaxations, depending on the structure and temperature, where each process is 
represented by a peak in dielectric loss (ε”) in the temperature and frequency domains and 
associated step change in dielectric constant (ε’) as a function of frequency (f) at a fixed 

temperature [28-30]. Changes in the strength, position and shape of the spectra can be interpreted 
in terms of varying degree of interaction between the TPU soft phase and the organosilicate 
nanofillers. Therefore, the effect of organosilicate aspect ratio and loading on the molecular 
dynamics of the complex PDMS based TPU system was investigated. In all samples, the dielectric 
relaxation spectrum was determined to study the molecular dynamics of the neat host TPU and 
nanocomposites. The morphology of these E5-325 TPU and nanocomposites has been 

extensively characterized in previous DMTA, DSC, XRD, SAXS and TEM analysis [23] and the 
results were utilized to aid in interpretation of the molecular dynamics obtained from the DRS 
studies. 

Over the measured temperature and frequency range, three relaxations were observed 

for all samples referred as 1, 2, and 3 as shown in Figure 1.  The relaxation frequency of all 
processes is fit well by the Vogel-Fulcher-Tammann (VFT) equation (eq. 4) [31] as displayed in 
Figure 2. The fitting parameters are provided in Table 1. 
 

𝑓0 𝑒𝑥𝑝 (−
𝐷𝑇0

𝑇 − 𝑇0

)
𝑚𝑎𝑥

 (4) 

 

where 0 is the exponential pre-factor,  T0 is the Vogel temperature below which 
segments become immobile. D is the strength parameter, quantifying the divergence from 
Arrhenius temperature dependence [31]. Lower D corresponds to a higher fragile system or less 

Arrhenius-like behavior. 
 

 
 

Fig. 1. Derivative loss spectra of E5-325, 2LuO, 4LuO, 2MEO and 4MEO vs temperature at 10 Hz 
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According to the VFT behavior, the 1 relaxation displayed by the E5-325 TPU at low 

temperature is in a similar location observed using DMTA at −85 oC, is assigned to the segmental 

relaxation of the PDMS phase [23]. The 2 relaxation occurred above the soft microphase 
transition temperature as determined from DMTA. Therefore, this relaxation was attributed to the 
segmental relaxation of the mixed soft segments. Based on the segmental microphase separation 

in E5-325 and its nanocomposites observed from SAXS, the 3 process is proposed to the process 
associated with Maxwell-Wagner-Sillars (MWS) interfacial polarization [21, 22, 33] arising from 
the accumulation of ions at the interface of soft and hard segments, which are having different 
dielectric constant and conductivity. 

 

 

 
 

Fig. 2. Relaxation frequencies of the (a) 1 , (b) 2 and (c)3 process for E5-325, 2LuO, 4LuO, 2MEO and 4MEO. 

Lines indicate the VFT fit 

 
Table 1. VFT fit parameters for the α1, and 2 processes for E5-325, 2LuO, 4LuO, 2MEO and 4MEO 

 

 
 

 1 process  2 process  3 process

Sample log ƒ 0 (Hz) D T0 (K) log ƒ 0 (Hz) D T0 (K) log ƒ 0 (Hz) D T0 (K)

E5-325 10.9 4.9 144 11.7 7.8 207 5.0 5.2 235

2LuO 10.9 5.0 143 11.0 5.4 226 9.2 16.6 171

4LuO 10.2 7.6 136 13.3 7.5 236 9.2 9.2 215

2MEO 10.9 4.2 149 12.1 8.2 205 8.5 17.3 170

4MEO 10.2 3.9 149 12.4 8.5 207 8.5 15.4 181
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Also, worth noting from Figure 1 is the difference in curve shapes between different 

polymer nanocomposite samples. TPU nanocomposites incorporating low aspect ratio LuO 
exhibit different dielectric spectra as compared to those with high aspect ratio MEO. Furthermore, 
the LuO nanocomposite system demonstrates a large change in the relaxation behavior when the 
filler content is increased from 2 to 4 wt%. In the 4wt% sample, the α1 and α2 relaxations are 
shifted to higher temperature, whereas the ε” value was found to be lower in the glassy region 
and much higher in the rubbery region. A higher value of derivative (ε”der) for α2 means a higher 

polarity of the relaxing units contributing to the mixed-phase (α2) relaxation. Based on previous 
DMTA and DSC data, we have postulated that the LuO nanofiller is the most effective at 
compatibilising the hard and soft TPU segments, resulting in phase mixing [5, 23]. As the hard 
segments are strong dipolar units, a contribution of the dissolved hard segments in the continuous 
soft phase and in the interphases to the dielectric losses should be expected. The increased 
addition of LuO from 2 wt% to 4 wt% also causes a shift of Tα2 to higher values, with a broader 

and weaker peak. This suggests that the dissolution of the hard segments into the soft segments 
impedes the molecular mobility of the soft phase. After reaching α2, a larger upturn in ε”der 
approaching α3 process was observed in 2LuO and 4LuO with respect to other materials. This 
transition occurs in the region previously identified and associated with the hard domain Tg by 

DSC [5]. Thus, the larger increase in ε”der should be related to the presence of greater hydrogen 
bonding between the hard segments,  forming a more well-ordered and interconnected hard 

domain population [5, 23].  
While the nanocomposites incorporating LuO show a large change in relaxation 

behaviour with increasing filler loading, nanocomposites incorporating MEO on the other hand 
do not. The dielectric spectra of 2MEO and 4MEO are very similar indicating similar segmental 
processes, but with a slight increase in dielectric loss accompanying an increase in organosilicate 
content from 2 wt% to 4 wt%.  

Figure 2a and 2b revealed that the segmental relaxation times of the 1 and 2 processes 

of all samples except for 4LuO are almost the same. The 1 and 2 processes of 4LuO are slower 
than others, attributed to greater dissolution of hard segments as well as the better dispersion of 

small size hard microdomains in the continuous soft phase which hinders the mobility the soft 
phase. This is in agreement with highest storage modulus and soft microphase Tg observed from 
DMTA [5, 23].  

The migration of ions, accumulated at the interface of soft and hard segments for all 
nanocomposites are faster than that of neat host TPU as seen in Figure 2c. The rate of ion 

accumulation is in the order of 4LuO > 2LuO >4MEO2MEO > E5-325, indicating faster ion 
motions in the E5-325 containing low aspect ratio hectorite than those containing high aspect 
ratio fluoromica. LuO has previously proved to act as interfacial compatiblizer between TPU soft 
and hard segments by promoting phase mixing [5].  The faster ion motions in the MWS region 
of the E5-325 containing LuO organosilicates originate from the motion of the soft segments 

containing polar hard segments, which were dissolved in the continuous soft segments. This 
phenomenon can also be observed from a substantial increase in number of dipoles in both 2LuO 
and 4LuO samples when the temperature approaches the α3 (MWS) process (Figure 4). 

Fragility reflects the degree of intermolecular coupling. It is believed that as 
intermolecular coupling becomes stronger, the material becomes more fragile [34-36]. Zhang et 
al. [34] reported the increase of fragility with increasing intermolecular hydrogen bonding 

between poly(4-vinylphenol)-poly(vinyl ethyl ether)[PVPh/PVEE] blends. Based on Table 1, the 
fragility of LuO nanocomposites in the phase-mixed (α2 region) is greater than the neat host TPU 
and other materials. It is reasonable to assume that this is a consequence of stronger 
intermolecular bonding, which couples the relaxation of the hard and soft segments.  

The breadths of the 1 relaxations of 2LuO, 4LuO, 2MEO and 4MEO are slightly 
broader than that of E5-325, suggesting that the fillers all induce a small degree of dynamic 
heterogeneity on PDMS.  Interestingly, the breadths of the α2 relaxations of 2LuO and 4LuO are 
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slightly broader than other materials, indicating a higher distribution of the α2 relaxation time, due 

to higher heterogeneity of the soft microphase as a result of phase mixing, as suggested by Tsonos 
and co-workers [21].  

 

 
 

Fig. 3. Normalized segmental loss of the (a) α1 and (b) 2 process for E5-325, 2LuO, 4LuO, 2MEO and 4MEO at T = −80 °C 

 
Table 2. Dielectric Relaxation Strength of the 1, 2 and 3 process 

 

 
 

The dielectric relaxation strengths  of 1, 2 and 3 processes at −80, Tg + 35 and 90 
oC, respectively are given in Table 2. For all TPU nanocomposites, (1), (2) and (3) 

values are higher than that of the neat host TPU. The increase of (1) and (2) with the 
organosilicate addition indicates that there are some dielectrically active mobile molecules, 
present in the TPU nanocomposites, possibly attached to the TPU soft segments. It is reasonable 
to assume that these dielectrically active molecules may originate from the alkylammonium ions 
on the nanofiller surface. 

A dramatically increases of (3) (MWS process) is caused by the higher number of 
mobile ions in TPU nanocomposites respective to neat host TPU, due to the entrapment of more 
charges in the TPU matrix, especially between clay platelets [37].  

It is also worth noting that the dielectric strength of MEO nanocomposites in 2 and 3 
process is lower than that of LuO nanocomposites. The result could be attributed to the 
aggregation of MEO, since aggregation would greatly reduce the dielectric strength of the 
materials [38]. The aggregation formation can be observed from a large MEO tactoids present in 

the TPU matrix as obtained from TEM analysis [5]. Highest (3) was achieved by 2LuO, as a 
result of better polarity contrast between the soft and hard domains, due to the existence of a more 

interconnected hard domain population in this nanocomposite system, as previously characterized 
by in-situ strained synchrotron SAXS and DSC [5].  

     ( 1)      ( 2)      ( 3)

Sample at −80 
o
C at Tg + 35 

o
C at 90 

o
C

E5-325 0.4 1.7 19

2LuO 0.6 2.4 57

4LuO 0.5 5.5 43

2MEO 0.7 2.1 33

4MEO 0.9 2.2 36
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Fig. 4. Dielectric constant of E5-325, 2LuO, 4LuO, 2MEO and 4MEO vs temperature at 1340 Hz  

 

Figure 4 presents the dielectric constant ' of neat host TPU and nanocomposites as a 

function of temperature at 1340 Hz. It clearly shows that the ' of all nanocomposites is higher that 

that of the neat host TPU and that this disparity increases with temperature. The ' increases in the 
order of 4MEO > 2MEO >2LuO >4LuO >E5-325, indicating an increase in number of dipoles in 
TPU samples incorporating organosilicates. This is due to the higher dielectric constant of the 
organosilicate with respect to the polymer [37, 39]. This trend was also observed by Pissis et al. [14, 

18] in SBR/silica nanocomposite and Dwivedi et al. [20] in polyetherimide/organosilicate 
nanocomposites. The dielectric constant of a material is related to the polarization mechanism. 
The morphology of the TPU [37, 40] and organosilicates dispersion [37] would have an influence 
on the polarization behaviour. For the neat host TPU and nanocomposites, poorer polarization 
occurred at cryogenic temperature, resulting in a lower dielectric constant. However, rapid 
increase of the dielectric constant began near their mixed soft phase transition temperature, where 

additional polarization occurs with an increase of soft segment mobility. After reaching ~25°C, 
the dielectric constant of both 4LuO and 2LuO was seen to increase further, while that of 2MEO 

and 4MEO started to level off.  A sharp increase of ' in the 4LuO sample might be due to 
interfacial polarization or the accumulation of charges at the interphase between the mixed phase 
matrix and the organosilicates. Moreover, TEM images of LuO nanocomposites demonstrate 

greater organosilicate dispersion and exfoliation in the TPU matrix compared to MEO 
nanocomposites, showing more individual nanosilicate layers [5]. These factors should result in 
higher dielectric constant, as polarization would increase due to the effect of multi-interface 
polarization [39, 40].  
 
Conclusions 

 
In summary, we have successfully investigated molecular dynamics of the E5-325 TPU 

and nanocomposites in relation to their structure and morphology by using dielectric 
spectroscopy. Several interesting results were obtained with each of the systems studied and 
discussed in relation to results obtained previously by using other techniques such as DMTA, 
DSC, TEM and SAXS. There are several findings that can be emphasized here. These are; (i) 

Dielectric spectra of well-characterized E5-325 TPU and nanocomposites exhibit three dipolar 

relaxation processes, which are referred as 1, 2, and 3. (ii) Aspect ratio and loading of the 
organosilicates, and TPU-nanofiller interactions are reflected in the characteristics of the 

cooperative segmental relaxation. (iii) The segmental relaxation time and temperature of 1, 2, 

and 3  process of the TPU matrix are significantly altered by the presence of the hydrophobic 
low aspect ratio organo-hectorite (LuO), where significant changes in the dynamics were 
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observed. (iv) Dielectric data confirm the existence of phase mixing in the E5 -325 TPU 

containing 4wt% LuO, which is in good agreement with the DMTA, DSC and SAXS results 
presented in our previous paper. 
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